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ABSTRACT

Presented is a description of the work accomplished in sum-
marizing current valve design technology and providing funda-
mental metal-to-metal seating characteristic design data.

The program was conducted in two phases.

)

' Phase Iab:: a survey of pertinent patents, technical litera-

ture, and industry data to determine current technology levels
and indicate specific areas where information was lacking or

obsolete., The accumulated material produced little worthwhile
information on either the mechanics of sealing or the correla-

tion between theoretical and actual characteristics.

Phase II effort involved analytical and empirical studies

of the detail aspects of valve sealing. Test models were
fabricated with particular emphasis placed on describing the
resultant sealing surfaces. Leakage flow data were obtained
for the near-seated condition resulting in good correlation
with theoretical predictions. The stress-leakage relation-
ship in the on-seated condition was empirically investigated
as a function of surface and material variations, pressure,
and fluid. The resulting information, together with inspection
evidence supporting deduced test surface finish conditions,
is presented. A\A mathematical seat model and analytical
technique was formulated which permits order-of-magnitude
prediction of the stress-leakage characteristic and is pre-
sented in the form of derivation and graphs of parametric

()=

stress vs leakage data.




CONTENTS

Foroword . ., ., |, ., . . T E B |
Abstraet . , ., , ., |, ., . | S v
Introduction . ., , , , ., | e e e e e, 1
Sarvey . . . . . . . . . .. e e 3
Patent Search ., ., , |, ., . . . e e e e, 3
Literature Survey S s e e e e s e e e, 9
Industry Survey Tt e e e e e e e e e e e 15
Definition of the Development Effort (Puase ) . . . . . . 19
Surface Studies . . ., ., ., . L 1
Surface Terminology and Representation . . , |, ., | . .27
Moasuring Methods and Devices . . L ) |
Real Surface v e e e T )

Con.ect Ares and Loading Bffects . . , ., . | D YA
Surface Study Results L R 1)
Leakage Flow Analysis . . . . T . &
Defining Parameters ., , ., . e, 3

Simplified Flow Equations for Smooth Parallel Plates . . . . 53
Stetic Pressure Distributions . . . c e v s 4 v . ., 59
Sample Computation e e e e e e e e L 62
Nomenclature L 11

Surface Analysis . . . . e &
Equivalent Spacing Heights for Surface Deviations . ., . , . T4

Model Surface Deformations . . . ., . . s+ s« . . 76
Stress-leakage Equations e s s e s 4 4 4 4 . . . 88
Parametric Stresa-leakage Data T T )
Nomenclature Tttt e e v e e e e e e . 100

Dosign, Fabrication, and Development of
Test Fixture and Models . ., . . . T ()
Design R T O 11,
Pabrication and Dimensional Check T 3 |
Davelopment . . . ., ., . ., | S |1,
Surface Finishing of Models . . . S L. ¥/
Preliminary Procedures . . . . . T & ¥ 4




Loose Abrasive (Wet) Lapping . . . .

Dry Lapping . . . . . . . . . .
Polishing e e e e e e e e e e
Cleaning . . . . .

Model Inspection Equipment, Procedures, and Data
Model lInspection Equipment
Inspection and Data Interpretation Procedures
Experimental Test Program ., . . . ., .
Experimental Test Setup

Assembly and General Test Procedures

Near-Seated Tests e v s e
On-Seat Tests
Conclusions e e e e e e e e e e
Recommendations for Future Effort e e e
References . . . .
Appendix A . ., . ., . . .
Literature Survey e e v e e e
Scope of Search e ey e e e e e
Sources Searched .

Organization and Appraisal of the Literature
1.0 Valve Selection and Evaluation . . .
2.0 Steady Flow Characteristics . . . . .
3.0 Steady-State Forces

4.0 Transient Factors

5.0 Valve Sealing e e e e e e e e e
6.0 Valve Design Data
7.0 Books e v e e e e e e e e e e
Author Index e e e e e e e e e e e
Late Entries e e e e e e e
Bibliography Subjects Index e e e e e e
Appendix B T e
Industry Survey e e e e e e e e e e
Factors in Valve Design . . . . . . . .

Classification of Valves

vii

138
140
142
143
145
145
181
185
185
196
200
214
253
257
261
A-1
A-1
A-1
A-3
A-5
A-7
A- 35
A-59
A-71
A-85
A-113
A-121
A-125
A-129
A-131
B-1
B-1
B-2
B-4



Conical Poppet Seat Designs . . . . . . . . . B-7
Spherical Poppet Seat Designs . . . . . . . . . B-23
Flat Poppet Seat Designs , . . . . . . . . B-4)
Special Poppet Seat Designs T B-69
Rotating Ball Designs . ., , ., . L B-79

viii



o i

T

11,
12,
13.
14,
15.
16,

17.

18,

19.
20,
21.
22,
23,
24,

ILLUSTRATIONS

Standard Surface Symbol With Representative
Surface Characteristics . . . . .
Incremental Division of Thecretical

Surface Profile . . . . . . .
Surface Symbol for Optical Measurement .
Stylus Interpretation of a Rectangular Shape
Stylus Interpretation of a Combination Shape
Light Interference With aa Optical Flat .
Principle of the Light Section Microscope .
Pressure Profiles ., . . . . . .

Typical 1.0-Inch Poppet and Seat Model .
Theoretical Nitrogen Flow Through
The Valve Model Shown in Fig. 9 , o .

Model Surface Geometry With Defining Fquations
Average Height Values for Various Wave Forms

Sinusoidal Model Surfaces . . . .
Model ¢f Hemispherical Nodule . . . .
Typical 1/2-Inch Poppet and Seat Model .

Theoretical Parametric Stress vs

Leakage Curves for Steel . . s e .
Theoretical Parametric Stress vs

Leakage Curves for Aluminum . . . .
Theoretical Parametric Stress vs

Leakage Curves for Tungsten Carbide , .
Divieion of Total Flow in Fig. 16 through 18
Valve Poppet and Seat Model Tester Assembly
1,0-Inch Model Seat . . . . . .
Model Poppet . . . ) . . . .
0.5-Inch Model Seat . . . . . .
Piston Centering Force Diagram . . .

ig

30

31
32
34
35

37
40

60
63

65
77
78
82
87

95

96

97

99
107
109
110
111
114



25.
26.

27.

30.

31.

32-
33.
34,

35.

37.

39.

Teat Part Being lapped . . . . . .
Test Model A, Seat, 0.0065 x 0,0065-Inch
Interference Photo . . . . . . .

Teat Model A, Seat, 0.035 x 0.033-Inch Interference

Photo Showing Dud-0ff and Pressure Tap . .
Test Model A, Poppet, 0.0065 x 0.0065-Inch
Interference Photo, Cross lay . . . . .
Test Mcdel B, Poppet, 0.0065 x 0.0065-Inch
Interference Photo Showing 0.0005~Inch Radius
Profilometer Stylus Scratches . . . . .

Test Model B, Seat, 0.033 x 0.033-Inch Interference

Photo Showing Dub-0ff ., . . . . ) .
Test Model D, Poppet, 0.0065 x 0.0065-Inch Plain
Photo Showing 0,0001-Inch Radius Proficorder
Stylus Scratches . . . . . . . .
Test Model E, Poppet, 0.0065 x 0.0065-Inch
Interference Photo, Cross lay . . . . .
Test Model E, Seat, 0.0065 x 0.0065-Inch
Interference Photo, Cross lay, Polished . ]
Test Model E, Seat, 0.033 x 0.035-Inch
Interference Photo Showing Polish-Caused Dub-0ff
Test Model F, Seat, 0.0065 x 0.0065-Inch
Interference Photo, Cross lay, Narrow Bandwidth
Test Model F, Seat, 0.0065 x 0.0065-Inch
Interference Photo, Cross lay, Same Location

as Fig. 35 Except Wide Bandwidth . . . .
Test Model F, Seat, 0.006,) x 0.0065-Inch
Interference Photo With Iay Showing 0.0005-Inch-
Radius Profilometer Stylus Scratches . . .
Test Model F, Seat, 0.033 x 0,033~Inch
Interference Photo . . . . . . .
Test Model F, Poppet, 0.0065 x 0.0065-Inch
Interference Photo, Cross lay . . . . .

L]

139

147

147

147

147

149

149

149

149

151

151

151

151

153

153



40,

41,

42,

43,

by,

’*5.

46.

47.

48,

49,

50.

51.

52.

53.

Test Model G, Poppet, 0.0065 x 0.0065-Inch
Interference Photo, Wide Bandwidth . .
Test Model G, Poppet, 0.0065 x 0.0065-Inch
Interference Photo, Narrow Bandwidth Showing
Test Scratch . . . . . . . .
Test Model H, Poppet, 0.0065 x 0.0065-Inch

Interference Photo . . . . . .
Test Model H, Seat, 0.033 x 0.033-Inch
Interference Photo . . o« e . .
Test Model I, Poppet, 0.0065 x 0.0065-Inch
Interference Photo . . . . . .

Test Model J, Poppet 0.0065 x 0.0065-Inch
Radius Proficorder Stylus Scratch . . .
Test Model J, Poppet, 0.0065 x 0.0065-Inch
Interference Photo Showing 0.0005-Inch-Radius
Profilometer Stylus Scratches . . . .
Test Model J, Seat, 0.033 x 0.033-Inch
Interference Photo Showing Dub-0ff . .
Test Model K, Seat, 0.9065 x 0.0065-Inch
Interference Photo Showing 0.0005-Inch-Radius
Profilometer Stylas Scratches . . . .
Test Model K, Poppet, 0.0065 x 0.0065-Inch
Interference Photc Showing 0.0005-Inch-Radius
Profilometer 8tylus Scratches . . . .

Test Model K, Seat, 0.0065 x 0.0065-Inch Interference

Photo Across Circumferentially Polished lay
Test Model K, Seat, 0.033 x 0.033-Inch

Interference Photo . . . . . .
Test Model K, Seat, 0.033 x 0.033-Inch
Interference Photo Showing Dub-0ff . .
Optical Flat, 0.0065 x 0.0065-Inch
Interference Photo . . . . . .

xi

153

153

155

155

155

155

157

157

157

157

159

159

159

159



54,

55.

“‘

37.

61,
62.
63.

65.

67,
_ 68,

| S 69-

'70.
71.

Profilometer Stylus, 0.0003-Inch Redius,
0.016 x 0.016-Inch Plain Photo . e s
Proficorder S8tylus, 0.0005-Inch Radius,
0.016 x 0.016-Inch Plain Photo « e e
Proficorder Stylus, 0.0001-Inch Radius,
0.016 x 0.016~Inch Plain Photo e o s
Test Model A, Poppet Profile Record, Cross lay
Test Model B, Poppet Profile Record . .
Test Model B, Seat Profile Record : . .
Test Model C, Poppet Profile Record . .
Test Model D, Poppet Profile Record ., .
Teat Mcdel H, Seat Profile Record o« e
Test Model I, Poppet Profile Record . .
Test Model J, Poppet Profile Record . .

Cleveland and Johansson Indicating

Comparitors and Test Poppet . . . .
Profilometer and Test Poppet . . . .
Proficorder Indicating Tester Piston . .
Proficorder Indicating Test Poppet o .
Optical Flat and Teat Poppet Showing Helium
Light Interference Bamds . . . . .
leits Interference Microscope and Test Seat
Leits Microhardness Tester and Test Poppet

Experimental Setup Showing Tester With

_Pressure and Flov Instrumentation . .

Tester With Mers Electronic Indicator .
Interior of Tester « e e e e s
load Cell Electronics and Recorder o e
Tplt Setup Schematic . . . . s .
Nitrogen Flov Data, Part 1 . . . .
Nitrogen Flow Data, Purt 2 . e e e
Helium Flow Data, Part 1 . . . . .,
Helium Flow Data, Part 2 . . . . .

xii

161

161

161
163
163
163
16%

« £y,
PR

164
164
164

166
168
139
170

in
178
180

186
187
188
189
190
202
203
204
205



81.
82.
83.

84,
85.

86.

87.

~ 88,

89.

91.

920

93.

94.
95.

9.

97.

99.

100,

Argon Flow Data, Part 1 . . . . . .
Argon Flow Data, Part 2 . . . . . .
laminar Pressure Distribution at Various
Pressure Levels , . . . . . . .
Pressure Distribution vs Poppet Seat Height .
Stress vs Leakage Data for Test Model 4,

Tests 1 and 2 . . . . . . .
Stress vs Leakage Data for Test Model B,

Test 3 . . . o e e . . .
Stress vs Leakage Data for Test Model B,

Tests 3 through 5 . . . . . . .
Stress vs Leakage Date fur Test Model C,

Tests 6 and 7 e e e e s+ e e 4
Stress vs Leakage Data for Test Model D,

Tests 8 and 9 . . . . . . . .

Data Correlation for Test Models B, C, D, and K
Stress vs Leakage Data ilor Test Model E,
Tests 10 and 11 ., . . . . . . .
Stress vs Leakage Data for Test Model E,
Test 12 . . . . . . . . .
Stress vs leakage Data for Test Model F,
Tests 13 and 14 . . . . . « e .
Data Correlation for Test Models E, F, and G .
Stress vs Leakage Data for Test Model G,
Tests 15and 16 . . . . . .+ .+ .
Stress vs Leakage Data for Test Models H and I,
Tests 17 through 19 . . . . . . .

Schematic of Poppet and Seat Model Gross Curvature

Stress vs Leakage Data fcr Test Model B,
Tests 20 and 21 , . . . . . . .
Stress vs Leakage Data for Test Model J,
Tests 22 and 23 . . . . . . . .
Stress vs Leakage Data for Test Model K,
Tests 24 and 25 . . . o e e e .

xiii

206
207

210
211

216

219

220

222

223
224

227

229

230
232

236

238
240

243

247

249



Space Engine Regulater . . . . . .. . ., . B8
Rydraulic Relief Valve . . . . .. .. .+ .+ . B-10
Ignition Monitor Valve . . . . ¢ e e e B-~12
Propellant Control Solenoid Valve I . . . o e B-14
Propellant Control Solenoid ValveII . . . ., . Bel6
Pnoumatic Relief Valve . . . . . . .+ .+ B-18
Tank Vent Valve . . . . .. . . . . . e B-20
Piloted Solenoid Valve . . . . ., . o e B-24
Snap Action Relief Valve o o e e e & e s B-26
Propellant Control Solenoid Valve 111 . . o« e B-28
Propellant Control Solenoid Valve IV . . . . . B-30
All-Metal Check Valve s e e e e e & a4 e B-32
Inverted Relief Valve o s e e e e e e B-34
Absolute Pressure Regulator . . . . . . .+ . B-36
Hydraulic Control Solenoid Valve . . . e o s B-38
Precision loader e e e e« < e e e e B-40
High-Pressure Rolief Valve . . . . . . . . B-42
High-Pressure Relief Valve . . . . . . . . B-44
Fluorine Tank Relief Valve . . . . . . . B-46
- Bigh-Capacity Relief Valve . . e ¢ e e e e B-50
Electro-Pneumatic Thrust Controller . . . . . . B-52
Tank I.-essurisation Valve o e e e e e e e B-54
Regulator Inlet Valve e s e e 4 e s e e B-56
Pilot Control Solenoid Valve o e e . . s e B-58
Gas Generator Control ‘Valves s e e e e e s B-60
Lov Temperature Relief Valve « + « « + « o+ B-bh
Vent Port Check Valve e e & e e a4 e e B-66
Fael Igniter Shutoff Valve . . . . . . « B-70
Two-Way Solenocdd Valve . . . . . . .. . . B-72
Balanced Pressure Regulator . . . . . .. . . B-74
Cylindrical Valve ¢ o & e s s e e e s B-76
Propellant Ball Valve s e e e e e 4 e e B-80
Cryogenic Ball Valve e e e s s e e e e B-82
Propellant Control Ball Valve . . . . . . . B8k
Propellant Butterfly Valve . . . .. . « « B-88
Moditied Butterfly Valve e o e e e e e B-92
Metal Seal Butterfly Valve . . . . . . . . B9
xiv




! v DRt il

el
et

e

kb

fe e

2.
3.
4,
5.
6.
7

9.

TABLES

Summary of Patent Search Categories

Noteworthy Patents . . .
Sumary of Literature Survey

Valve Seating Factors . .

Comparison of Arithmetical Averaging Instruments
Poppet and Seat Experimental Test Parameters

Finishing of Poppets and Seats

Poppet and Seat Model Inspection Data
Comparison of Computed BEquivalent Height Parameters

(2h ) with Inspection Data

*

11
21
35
104
141
146

251



L

INTRODUCTION

Poppet and seat design is largely an individual effort in which the
designer draws upon past experience, ingenuity, and a repertory of design
data. The data, to a degree, is a measure of the designer's capability
because there is seldom ample time or finances to undertake lengthy
analyseas or experimental evaluations. Because of the limited accees of
test-correlated design information, rocket engine valves are continuously
being redeveloped throughout the missile and spacecraft industry. Attiend-
ant advances in the state-of-the-art have been slow with new developments
obscured and often not pursued.

To reduce this waste, a program to create a component designers handbook
has been instituted. Inputs from various contractors will cover the major
aspects of component design endeavor,

This report describes the work accomplisi.ed by Rocketdyne in gathering
the present technology in valve design and providing fundamental infor-
mation in the area of least information, valve seating and leakage.

The program was conducted in two phases from July 1962 through October
1963. Phase I was a survey of patents, literature, and industry., The
purpose of the survey was to compile existing data and direct the main
effort of the program by defining the needs of valve designers. While
information was found to be required in many facets of valve poppet and
seat design, a concentration of the effort on the most specific problem
area, valve seating, would result in more worthwhile data and avoid
generalizations of little design value. Consequently, Phase II was devoted
to a detailed analytical and experimental investigation of metal surfaces,
their measurement, and a definition of some of the governing leakage
equations. The experimental effort was confined to simple flati poppet
and seat models fabricated and tested so that individual variables could
be controlled, measured, and if possible, analytically correlated with




with seating equations describing leakage, scat-land pressure distribution,
and surface deformations wijth load. Where correlation was not possible,
the detail definition of the material and geometric surface properties
provide a qualitative frame of reference for design purpoees. Combined

with an understand{ng of the configuration and deformatiocn characteristics

of surfaces, design decis b

¢ based on more than guess work,



SURVEY

An extensive survey of patents, literature, and industry has been

nnnnnnn

1 as ‘ rey cn « . v 1 O [
eted, 1 i survey phasce was Lo compile existling use-

Fala) LAY " x AAS R o3
Tompicuia, iy purposc o

ful design data and define the needs of valve designers based en an

analysis of the survey results.

PATENT SEARCH

Purpose

The purpose of the patent seurch was to uncover worthwhile designs not in

comuon use.

Approach

The Manual of Classification ior the U.S. Patent 0ffice was analyzed for
the classes most likely to contain pertinent material. Classes 137,

(Fluid Handling) and 251 (Valves and Valve Actuation) were studied for
applicable subclasses. Although class 137 contained all line condition
change responsive valves, i.e., check valves, regulators, relief valves,
dealing in valves per se, class 251 was congidered more directly applicable
to poppets and seats, Class 251 definitions were obtained, and further
study resulted in ordering original and cross-reference patent lisis for
the 26 subclasses (Table 1).

An analysis of the patent lists and a shorti computer program to sort
duplicate numbers from cross references led to ordering 273 original and
248 cross-reference patents. The original patentis covered all those

filed in the 20 subclasses from patent number 2,500,000 (approximately
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1950) up to 26 Jul - 1902. The cross references were sorted from 2358
patent numbers comprising the original and cross-reference patents in
the 26 subclasses spanning the same period, Because of the quantities
involved, only cross-referenced patents from 11 of the 26 subclasses
were ordered from patent number 2,700,000 (approximately 1955) up to
20 July 1962,

The patents were given three separate appraisals. The first appraisal
categorized the patents as “"not applicable" and "possibly applicable,"
The potentially useful patents were then more carefully screened for

potential application and, or uscful ideas. A close examination of the

remaining patents was made by the responsible program personnel.

A meeting held with Space Technology Laboratories (STL)to compare the
Rocketdyne program with their advanced valve program (NASA) resulted in
obtaining 80 valve patents from their search. These patents were

assessed, bringing the total number of patents covered to 601.

Results

Table 1 summarizes the numerical results of the search. Of particular
note is t » number of cross-reference duplicates (92 out of 340 or

27 percent).

A study of the 273 original patents revealed no useful designs, Further-
more, the general application of the vast majority of the original patent
valves wouid be industrial with little relation to the commonly recognized
aircraft configurations, The cross-reference patents contaiuned 11 designs
of interest viz., six ball valves, two butterfly valves, and one expansible
sleeve valve. A review of STL patents indicated seven designs of interest
comprising four poppet designs of known aircraft application, twe ball

valves, and one self-aligning poppet arrangement.



Thesce noteworthy designs are listed in Table 2 with pertinent data and

a brief description of key features, kxcept for the valves of known

aircraft application, further consideration of these designs might show

some Lo be worthwhile approaches,

Conclusions

Appraisal of the search approach and the results obtained has led to the

folluwing conclusions:

o

The key fecatures claimed in patents are, in most cases,
unproved and buried wunder wording which necessitates careful
study by experts te ascertain nct worth. Even then the results

of the study are of questionable value.

A small cross section of the patent literature has been reviewed.
A rough estimate of the time required to search the 512 most
pertinent subclasses of classes 137 and 251 through 1950 can be
obtained by extrapolating the data of Table 1 (26 subclasses
partially reviewed). Such an estimate indicates that ihe patent
files contain approximately 5400 original and 14,000 cross-reference
patents. Considering the manhours expended by Rocketdyne to
study 600 patents, the 19,400 patents could require up to 5 man-
years to digest. A complete search would probably exceed
10—man-years, In view of this appraisal, it is concluded that
the attempt to uncover worthwhile approaches to poppet and seat
design through a patent literature search is not economically

productive or even feasible in the manner described herein.
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LITERATURE SURVEY

Purpose

The purpesge ¢f the literature survey was to (1) assess the available
literature on the pertinent aspects of valve design and thus facilitate
direction of the developu:nt phase of this program. and (2) present the
literature in a bibliographic form expressly suitable for use in valve

design,

Approach

An attempt was made to obtain all of the pertinent literature, and much
of what was considered potentially applicable, through an exhaustive
literature search. The methods and scope of the search are in Appendix A

with the bibliography.

Briefly, the search consisted of a thorough review of all pertinent
index-type references and available card catalogues considered useful in
the Los Angeles area. Fourteen technical indexes and five card catalogues
were searched under 47 categories. These sources covered domestic and
foreign translations of reports, articles, bibliographies, textyv, and
graduate theses. The time spanned by these sources was upproximetely

1951 to 1962. Material through the classification of szcrct was reviewed,
The total number of references extracted was approximately 600  however,
only the most applicable 280 references were retained for inclusion in

the bibliography.

Organization and Appraisal of the Literature

The litcrature has been organized under 7 major headings and 24 sub-

headings to facilitate retrieval and over-all appraisal,



All but 49 of the 280 documents referenced were cxamined for subject
contert wider the varicus subheadings. 1n addition to the primary
topic, subject matter which was considered to be usdé¢ful to valve
designers is noted following the abstract and also rcferenced within

vhe applicable subscections,

The referver.cs and cross refereaces within a specific hecading combine to
make up the tou.na lileretuve wviitable on that subject, 1If it is assumed
that the references cited vepiesent all available literature, at least on
the wost per .t sw  ts, an appraisal of the extent of literaturc
publithed would be u ¢fut for ascertaining areas requiring additional
researcii, While no claims for such completeness can be made, a review

of tle citations within each reference haes shown that virtually all
prrtinent literature hes been referenced; therefore, the indication of

2:chaustiveness is evident.

Table 3 summarizes th; numerical results of the survey. The first chart
shows the number of references and cross refereaces contained within
each subsection along with the percent of total references. With these
data, the gross quantity of published information on a given subject

can be ascertained.

The second bar chart uses the subject appraisal of each document to

show the total subject material within a given subsection. Each bar
represents the sum of the original references plus the total of the
individual subjects contained within each reference. (The 15 percent

of the literature not obtained for appraisal is not included.) The
subsections sparned by the subject matter are indicated by the number at
the end of each bar. With the aid of this chart, the scope of subject
material covered by each subsection can be determined., Therefore sub-
sections sugh a8 1,3 and 7.0 covering numerous subjects, are readily

recognized,

10
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A count of the references and their industry orientation shows that
175 of the 286 references are on valves per se (61 percent). Of these,
59 percent are aircraft oriented. The over-all orientation of the bibliog-

raphy is aircraft with 197 of the references so cited.

Conclusions

Analysis of the bibliography and Table 3 has led to the following

conclusions:

1. Excluding material on servovalves, there are mo difinitive
articles, books, or reports dealing broadly with the general
subject of rocket and spacecraft valve design, Furthermore, only
one article was found (7.0-12, "Handbook of Astronautical
Engineering") describing a group or class of such aerospace valves
for the purpose of selection or evaluation (such as in subsection
1.1, "General Description of Valves and Applications," which is

entirely on industrial valves).

2. Except for the literature on servovalves, the state-of-the-art
development programs of subsection 1.3, "Analysis, Design, and
Test of Specific Valves," are the most comprehensive documents
published on aerospace valves, However, because these programs
were hardware oriented, very little attempt was made to correlate

analyses with results (or drew pertinent conclusions). Their

value to valve designers and this program is depreciated accordingly.

3. Analytically correlated design information pertaining to flow is
restricted almost entirely to subsection 2.1, (orifice, venturi,

fitting, labrinth, pipe, etc.).

4, There is almost no information oo passage design for flow. What
is available requires tedious study of the detail designs and
flow data, Because techniques of gaseous flow measurement used
by most valve manufacturers are accurate to at best 10 percent,

the results of such a study would be equally uncertain,

13



However, there is a preponderance of fiow-formula data to the
point of confusion, These data can result in serious errors

in sizing acrospace valves,

Other than butterfly and servospool valves, there is little
information on the subject of flow forces, A recent ASME paper
(3.2-7, "Dincharge Cocfficients and Steady Staie Flow Forces for
Hydraulic Poppet Valves" by J. A. Stone) discusscs the results of
analysis anu test on hydraulic poppet valves but does not cover
effects in the ncar-seated condition, There is no literature in

the bibliography on the effect of flow forces on ball valves.

What little practical data is available on transients requires
toiling down (rules—of—thumb and handbook data) for the average
designer., A study of the servovalve literature would probably

be rewarding in this area,

The literature on valve sealin;, covering aspects of leakage,
seals, seating, contamination, and wear, céntains a minimum of
analytical design information. The numercus references cited in
subsection 5.1 are predominantly analogous flows (this information

has been included to fecilitate leakage studies).

Although appraisal of the literature could only be done on a

- surface basis because of the quantity involved, it was the concensus

that in original work, the correlation of analysis with test is
seldom done except in journals similar to those of ASME, MIT
efforts, etc. Apparently, unless the "why" is being financed, no
efforts are made to validate calculations other than a successful
end product (usually hardware). The.result is (1) the loss of
much valuable design information, and (2) a preponderance of

questionable derivations that are frequently misleading.

Reliability in valves was the subject of only one feference

(6.2~2, "A Theoretical Technique for Predicting the Reliability
of Solenoid Valves" by G, M, Eisendohr) in which an attempt was
made to mathematically coerrelate the reliability of an aircraft

solenoid valve with certain key design parameters,

i4



The literature expounds upon reliability as of paramount importance in
design, Hovever, to be predictably reliable, the performance must

first be cither analytically or statistically predictable, Very little
analytical correlation is evidenced in the literature, and proving
reliability statistically is impossible with the norwally few components
available,

It is concluded that to obtain state-of-the-art advancements in reliability,
the performance predictability of valves must be enhanced through correla-
tion of analyses with actual tests and thus obtain an understanding of the

"why" of the performance. This effort will lead te advances in performance,

INDUSTRY SUBVEY

Purpose

The purpose of the industry survey was to (1) establish poppet and seat
design approaches, fabrication, and analysis as is presently represented
within industry, and (2) assist in defining the Phase II development
effort,

Approach

Form letters were sent to 210 aerospace valve manufacturers in an attempt
to contact a realistic cross section of industry within the limited survey
time. The letter presented the object of the program and invited the
manufa~turers' cooperation in compiling information for a component
designer's handbook. Specific information requested by the letter is

reproduced below.

A, Please furnish cutaway drawings, with lists of material,of
typical valve closure mechenism designs that reflect your organization's
most currcant design efforts. Selection of these designs shall be based
on the foilowing requirements:

1. Designs rast have satisfactorily completed a period of development
and/or intended use.

15



2. Configurations of valve closure mechanisms may include (1)
conical, spherical, and flat poppet and seat, (2) rotating ball,
(3) butterfly, or (4) other proven configurations. Any type
of valve may be utilized that exemplifies typical designs
manufactured by your company, such as check, solenoid, relief,
regulators, pressure actuated, etc. :

3. Cylindrical slide and sleeve (spool) configurations normally
used for hydraulic system selector, sequence and/or servo
control, are categorically excluded from the program due to
other previous extensive work in this area. ’

B. To allow a useful classification and parametrization of the
designs, it is necessary that the following information be included with
each design submitted: '

1. A brief description, including aﬁplications and outstanding
features, '

2. Key parameters, with a minimum of those listed below:

a. Fluids tested with and/or designed for (indicate if tests
were with fluid other than the design fluid).

b. Operating pressure range (primarily applicable to specific
poppet and seat). .

c. Operating temperature range (including ambient and line
fluid). '

d. Flowv capacity (this value nay be in the forms of equivalent
orifice diameter and Cd’ flow coefficient, or flow curves).

e. Bndurance,cycles (list the test temperature and pressures).
f. Leakage (list test pressure, temperature and fluid).

g. Vibration characteristics. '
h. Port sizes (inlet and outlet).

3. Describe advantages and disadvantages of valve closuré mechanism.
This list should be completed with reference to the intended
application as well as potential extended service.

k. Outline any useful analytical approszhes to the voppet and seat
design that have been correlated with test results.

C. Ceneral valve design data, either analytical or empirical,
interrally published in the form of charts, tables and graphs vhich would
advance the capabilities of valve designers would be appreciated.

Personal interviews were conduéted with the engineering management of
22 valve firms within the Los Angeles metropolitan area %o support and
implem>nt the letter request. The interviews were to accomplish the
£0: lowing: |

1. Enlist tke cooperation of the manufacturer by presenting

advantages of the program to ‘he valve industry.
16



2. Discuss the manufacturer's designs to determinc jirogram
applicability and obtain the specific information requested

in the letter,

3. Determine the manufacturer's general approach to valve design

and analysis,

4, Coevaluate the needs of industry for poppet and seat research.

To use Rocketdyne aerospace valve experience, Rocketdyne furnished infor-

mation in accordance with the letter to industry.

ilesults

Analysis of the returns indicated that 67 of the 210 contacts responded;
of those, 37 contributed information in varying amounts with the remainder
declining to submit data for several reasons, i.e,, insufficient time,
proprietorship, inapplicability, etc. Because of limited time and late
arrival of considerable material, data from only 10 sources could be
assimilated, Those manufacturers providing comprehensive information as
requested in the letter have been rated excellent, regardless of the time

element.

Within the scope of the survey program, more material was received than
could be processed., Inclusion of the data received late or which
required additional processing time, could not be included in the fimal

report because of financial limitations.

Handbook Data. Reliable valve designs and state-of-the-art advancements

stem from a systematic evaluation of the over-all design problem, uncon-
fined by archaic rules, particularly in the configurational stage.
Generalizations often convey confusing contradictions and tend to become
rules which limit new concepts., The handbook information resulting from
the survey has been prepared to avoid these pitfalls while still

providing data on numerous valve designs. Appendix B shows 37 proven

17



valve designe representing the state-of-the-art in which the salient
fecatwres of performance and construction have been noted in addition
to information on application, fabrication, advantages, and disadvauntages.

Limitations of the data are covered in the report.

The report outlines factors in valve design as information useful fer
valve evaluation and design and a classification of valves to assist in
standardization, 1t also provides a common ground for aerospace

terminology.

Conclusions

Consideration of the survey results has led to the following conclusions:

1. Insufficient data were received from industry to allow para-
meterization of the key features and functional parameters of
aerospace valves, Had sufficient information been received,
considerobly more time would have been required to prepare it

for publication,

2., The manufacturing information essential to a complete under-
standing of the valve design and why it performs is extremely
limited. Such information is considered proprietary by practically
all manufacturers and is predominantly maintained as shop and

" assembly know-how.

3. The personal interviews have shown that fhe pressures of main-
taining a competitive position in the industiry generally curtail
the amalytical effort exfended in designing new valves., It is
usually found more eronomical tc¢ combine & minimum analysis
(static force and flow capacity) with designer—cémpany experience
in producing a prototype, which can be modified through test,
to meet design requirements, What correlated design data industry

has is for the most part directly related t¢ a specific line of

18
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valves and considered proprictary. The application of this type
of information Lo the program is guestionable because it generally
takes the form of raw test data and would require considerable

evaluation and editing for handbook publication.

4, The cxpressions of nearly all manufacturers have shown that the
know-how most nceded to advance the state-of-the-art is in the
field of valve scating, with emphacis being placed first on
leakage and second on near-sezated flow forces (depending on the
manufacturer's product). Flow capacity and transient analysis are
also recopgnized as areas requiring effort but more for optiwmization
as evidenced by the relative case with which flow areas and

actuator forces can be changed.

DEFINITION OF THE DEVELOPMENT
EFFORT (PHASE IX)

The survey phase resulted in an organized classification and bibliography
of the published literature in addition to an extensive representation of
state-of-the—art valve designs, A detailed analysis of the survey data
ciearly indicated the almost total lack of basic information on valve

seating and leakage.

Valve seating, which is the very heart of valve design, is probably the
most tested, most questioned, and still the least understood part of
poppet and seat design., Typical questions asked by experienced component

designers are:

l. How does fluid leakage vary with load, contact area, land width,

surface finish, and various material properties?

2, If fluid conditions are changed through s variation in pressure,
temperature, or by exchanging fiuids, what is the resultant
leakage?

3. Whut are the motions of poppets and seats during transitional
seating, and how do these motions affect leakage and other

poppet functions?

19



4. What are¢ the characteristics of the wear processes beneficial and

detrimental to scaling?

5. What are the characteristic sealing propertics of metal scats

Lk}

in the first 50 millionths of an inch of mctal structure:

0. What is the pressure distributien across thie seating land open
and closed (i,e. effective arca), and how does the distribution

vary with opening?

This situation is odd because the valve closure receives most consideration
in flyable hardware.becansc of power and weight limitations., However, the
great number of interrelated variables and inaccessability of adequate
measurement equipment combine to impo-~e a severc economic retardant upon
the development of even a general understanding, let alone quantitative
definition of the seating characteristics. Furthermore, when outstanding
performance is achieved by some novel configuration or fabrication process
the information is considered propricfary information, lwven in these
cases, the reasons behind a specific performance is seldom understood,

and explanations range far and wide.

The process of economically bringing two pieces of material together

to close off a flow of fluid is not a simple one, An examination of the
known variables reveals an intermingling of many specialities, e.g.,
metrology for precision meaaurémegts, fluid mechanics for leakage

analysis, physical chemistry for surface compositions aiu inte.actions
betweer seating materials and fluids, stress analysis f(r seating stresses,
and deformations avd basic research in surface contacts, friction, and
wear to provide a background of experimental evidence supported by

learned theory.

Table 4 is an outline of the valve seating factors considered in defining
the scope and depth of the Phase II effort. DBecause of the extremely
complex nature of valve aeating, only a few of the almoet unlimited
variables and combinations could be examined cither empirically or
analytically. An attempt has been made to reduce the variables to u rec-
ognized few which can be successfully approached and used in solving

future valve seating problems,
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TABLL 4

SYSTEM AND FNVIRONMENTAL PARAMETwitS

A,

Fluid propertieu

1, Density

2. Viacosity

3. Thermal conductivity

4, Specific heat

5. Vapor pressure

6. Lubricity and corrosivity
7. Surface tension

Pressure

1. Static, internal, external, AP

2. Fluid inertia, dynamic shocks, and cavitation
Fluid contaminants

1. Metallic and hydrccarbon solids, oxides, etc.
2. VWater and ice

Environment

1. Temperature

2. Vibration, acceleraticen, and shock

3. Vacuum

' Radiation

DESIGN PARAMETERS

A.

Poppet and seat interface and - .osure geometry

1. Concentraicity
2. Normality

3. Sphericity

. Roundness

5. Flatnesz

21
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TABLE 4

(Continued)
6. Angularity
7. Clearances
8. Length-to-diameter ratio
9. Self-alignment capebility
10.  Average surface finish (AA)
i1. Topography, texture, and general surface lay
12. Scratches, nodules, and pits
13. Radii
14. Contact land width
15. Contact area

B. Forces
1. Near seated pressure forces
a, Tutsl acting on peppet
b. Across seal land ‘
2. Seated Forces
a. Theoretically perfeci geometry
(1) Actuation force
(2) Pressure force over flow area
(3) Pressure force over seat land
(%) Coordinate seating forces
b. Eccentric and abnormal loading
¢. Friction
é. Cyclic impact
C. Material properties of closure interfaces (surfaces)
1. Moduli
2 Yield strength
3. Shear strength
4 Tensile strength

22
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D.

TABLE 4

{(Continued)

5. Hardness
0. Wear properties

7. Density

8. Specific heat

9. Thermal conductivity

10. Coefficient of expansion

11. Impact properties

12. Yatigue properties

13. Frictional properties

14, Corrosive properties
Stress digtrilution and deformations of closure interfaces (surfaces)
1

2

o

. Theoretically perfect geometry
. Imperfect geometry

a. Angular conic

b. Out of round conic |

¢. Ellipsoidal sphere

(=7

. Convex, concave, or wavy flat

~ . , , 7 , \
Surface microstructure {texture)

23



The general appirouch taken tn encompass the study of secating is to

design a tester capable of functioning like a valve while allowing
accurate and precise measurements of position, loads, pressures, leakage,
deformations, etc. Because a valve must operate for a large number of
cycles (100 to more thanm 1,000,000), the cyclic effects are paramount.

Muny valves have been designed that function perfectly as a static seal,
these are termed failures. Consequently, the tester must be additionally
capable of cycling the poppet and seet in a controlled manner so that
gnantitative dacta o- load, leakage, and the wear phenomena can be observed,

recorded, and measurcd.

Beforv dynamic effects can be studied, however, the static characteristics
of the seating variables must be ascertained for comparison purposes,

The stager of cperation in poppet-type valves are full open, partially
open, just contacting, and fully closed or loaded. To provide a

| complete range of flow data and correlation between raw fabricated
nurfaces contacted but ‘unloaded, study of the néaruseated position must
Precede the on-geat and loaded condition. The near-seated region is
defined as that sepératibn from the seat which encompasses a complete
transition through the various regimes of flow. Variation in effective
seating &rcva resuiting from changes in pressure distribution can be
evaluated in this region because there is evidence that dynamic instability
of pressure-gsensitive valves might be triggered by or a function of

such noniinear forces.

Concurrent with the teater design, en analytical study is required to

(1) define metal surfaces normally associated with valve seats, (2)
develop suitable leakage flow equations, and (3) combine the findings

of (1) and (2) into a mathematical descripticn of medel seating surfaces
so that the effects of variation in the many paramcters could be evaluated

and correlated with the experimental results.
A major decision is the size and configuration of the poppet and seat

models. In consideration of the difficulties in suitably describing

large, and thus easily defined and fabricated models of hypothetical
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surfaces, a more practical approach would be to fabricate actual valve
seating surfaces to span the known range of leakage performance, The
resulting test data, backed by complete inspection records, would thus

be of direct design value in comparison with actual valve performance

characteristics,

A summary of the Phase 11 effort is outlined below, The scope of the
effort was narrowed during Phase II excluding investigation of spherical
und cenical seats (as originally planned) in favor of more extensive
testing on flat seats., The configurationzl aspects of valve seating,
along with a study of various seat coatings, is to be the subject of

a future program,

1. Investigation of variables
A. Fabrication methods for fine metal surfaccs
B. Microgeometry of metal seating surfaces
C. Physiochemical properties of metal suriaces
D. Leakage flows

E. Seating forces, stress and deformations considering land

width, contact area, surface finish and waterial properties
F, Variation of leakage with seat load

2. Design and fabrication

A. Test fixture capable of performing static tests, on and
off-seat, and dynamic cycle tests with flat, conical and

spherical poppets and seats

B, Poppet end seat models covering a range of meterial properties

3. Test program parameters with leakage as the dependent variable

and load the independeat variable
A. Cff seat height

B. Pressure distribution across seat land
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C. Seat land width
D, Fluid properties
E. Surface texture
F. Flatness

G. Scratches

H. Parallelism
Test fluids

A. Nitrogen

B. Helium

C. Argon



SURFACE STUDIES

Cci:siderable work has been done in recent years te explain and define
the phenomena of friction and wear. Optical and mechanical instruments
liave been developed to observe and measure the minute structure of sur-
faces. Surface contact theories have evolved from data from numerous
experimental research programs which have synthesized mndels of surface
asperities amenable to an analytical treatment. FEvaluation of the accu-
rulated results of these many researchers, combined with a knowledge of
the detail surface finishing methods, will support analysis of the mech-

anism of valve seat leakage.

SURFACE TERMINOLOGY AND REFRESENTATION

Definitions of terms relating to the subject are given as well as param-

eters which generally describe the average surface. The following defi-

nitions have been extracted from Ref. 2.

Surfgce Texture

Surface texture is concerned with the geometric irregularitics of solid
surfaces produced by the various machining and finishing processes. It
is the repetitive or random deviations from the nominal surface which

form the pattern of the surface.

Nominal Surface. Nominal surface is the intended surface contour, the

shape and extent of which is usually shown and dimensioned on a drawing

or descriptive specification.

Profile. The profile is the contour of a surface in a plane perpendicular

to the surface, unless some other angle is specified.



Centerline (Median Line). The centerline is the line about which rough-

ness is measured, and is the line parallel to the general direction of
the profile within the limits of the roughness-width cutoff, such that
the sums of the areas contained between it and those parts of the pro-

file which lie on either side of it are equal.

Roughness. Roughness consists of the fimer irregularities in the surface
texture usually including those irregularities which result from the in-
herent action of the production process. These are-considered to include .
traverse feed marks and other irregularities within the limits of the

roughness-width cutoff.

Roughness Height. Roughness height is rated as the arithmetical average

deviation expressed in microinches measured normal to the centerline.

Roughness Width. Roughness width is the distance parallel to the nominal

surface between successive peaks or ridges which constitute the predomi-

nant pattern of the roughness. Roughness width is rated in inches.

Roughness-Width Cutoff (Sampling Length). The roughnese-width cutoff is

the greatest spaéing of repetitive surface irrégularities to be included

in the measurement of average roughness height. Roughness-width cutoff
must always be greater than the roughness width to obtain the total
roughness height rating. In most electrical averaging instruﬁents, the
roughness-width cutoff can be selected. I¢ is a characteristic of the
instrument rather than that of the surface being measured. In selecting
the roughness-width cutoff, care must be taken to chouose a value which
will include all of theé surface irregularities which it is desired to
assess. Roughness-width cutoff is rated in inches, and standard vtheg
include 0.003, 0.010, 0.030.and 0.1090.



Waviness. Waviness is the usually widely spaced component of surface
texture and 1s generally oy wider spacing than the roughness-width cut-
off. Waviness may result from such factors as deflections, vibration,
chatter, heat tre. aent, or warping strains. Roughness may be considered

as superimpeosed on & wavy surface,.

Waviness Height. Waviness height is rated in inches as the peak-to-velley

distance,.

Waviness Width. Waviness width is rated in inches as tlhe spacing of

successive wave peaks or successive wave valleys.

lay. The lay is the direction of the predominant surfuce pattern ordi-

narily determined by the proaaction method used.

Flaws. Flaws are irregularities which occur at one place, or at rela-
tively infrequent or widely varying intervals in a surface. Flaws include
such defects as cracks, blow holes, checks, ridges, and scratches. Un-
less othervise specified, the effect of flaws is mnot included in the

roughness height measurements.

Surface Symbolsy

The symbol used to designate aurface irregularities is the check mark

with the horizontal extension (Fig. 1).
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Waviness Height-q\\\ '(//-Waviness Width
2

0.002-
0.030 @ Roughness-Width Cutoff

Roughness
Height, R 63
Microinches AA 3

Lay
\| 0.020 Roughness Width

Figure 1. Standard Surface Symbol With Representative
Surface Characteristics

Arithmetical Average

The arithmetical averagé deviation from the centerline may be described

in the following form.

x=0
m o= 3 [
X=0
where
Y = ordinate of the curve of the measured profile
4 = 1length over which the average is taken

An approximation of the average roughness may be found by adding the
absclute value of the Y-increments and dividing the sum by the number of

increments taken (Fig. 2).




CENTERLINE (MEAN)

- X

Figure 2. Incremental Division ol Theoretical
Surface Profile

Another methed of measuring the average deviation is the root-mean-square
(rms) technique which has had much usage in the past. This werage is
defined by

and, as with the approximate method for AA above, may be found by squaring
each value of the Y-increment, summing and dividing by the number of incre-
ments, and then taking the square root. The effect is tc weight the

larger heights. Instruments designed for rms roughness values read some-
what higher (Fig. 2) than those calibrated for arithmetical average when
compared on a given surface. The arithmetical average method has re-

placed the rms technique as an index of surface quality.

Peak-to-Valley Measurement Proposal

Interest has been increasing in the desirability of specifying suarface
quality by peak-to-valley measurements rather than arithmetical average
roughness. This would be most appiicable in situations requiring ex-

tremely smvoth finishes and where specifications of scratches were
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important. Reliable measurement can best be made with the interference
microscope (microinterferometer),'noting that very smooth surfaces, as
those produced by lapping, usually have more or less uniform irregulari-

ties with few deeper scratches.

Specifications. The following specifications for peak-to-valley parameters

are being considered by the ASA (Ref. 3) for inclusion in a future

standard:

1. Peak-to-valley height of general (average) surface texture shall

not exceed XX microinches in XX inch.

2. Peak-to-valley height of individual irregularities shall not ex-
ceed XX microinches, and there shall be no more than X irregu-

larities per X inch.

3. Pitting or voids contained in XX sq in. are acceptable.

The tentative standard is being prepared which will involve measuring the

surface texture by optical methods.

Symbols for Optical Measurement. A proposal has been made to the ASA

standards committee (Ref. 3) suggesting the surface finish symbol showu

in Fig. 3 for surfaces requiring optical measurement.

\ & General texture maxi-
mum peal.-to-valley

0.002 3 - 0.030 height 3 microinches
0.003 10 - 4/0.010 in 0.030 inch

™~

Indicates pits and Maximum peak-to-valley

voids that can be of individual irregu-

contained in 0.002 larities 10 microinches

x 0.003-inch rec- ° with not more than 4

tangle are acceptable irregularities per
0.010 inch.

Figure 3. Surface Symbol for Optical Measurement
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MEASURING METHODS AND DEVICES

A brief review of surface roughness measuring devices will include only
instruments capable of measuring finishes at the level significant to

this study.

Stylus Instruments

The most common method of measuring surface roughness is by moving a
cone-shaped diamond stylus over the surface and translating its vertical
motion to a value of average deviation from the mean. Factors which
affect the resulting reading include the radius of the stylus, its force
upon the surface, and the reference surface or skid upon which the tracer
is supported. Error may be introduced because of mechanical vibration
and electrical limitations. The almost universally used devices use
stylus tracers with electrical amplification and may be grouped as

follows:

Continuously Averaging Instantaneous Readout. This is a tracer type in-

strument using either the standard 0.0005-inch radius stylus or the
0.0001-inch stylus for fine finishes. Vertical movements of the stylus
are converted into voltage and amplified to actuate a direct reading
dial. These readings are in rms or arithmetical average with the lower
limit of surface discrimination down to about 1 microinch. This device
shows variations in average roughness height but does not indicate as-

perity configuration or wavelength greater than the set cutoff value.

Permanent Record. This is an electromechanical stylus instrument for

measuring and recording roundness, flatness, roughness, scratches, flaws,
and total profiles. The magnified readings or traces are recorded on a
chart with vertical magnification of up to 50,000 times, enabling dis-
criminate study of minute surface variations including waviness and

asperity angle.
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Probably the most important factor contributing to misinterpretation of
surface roughness is the stylus tip radius size. It is obvious that some
valleys and cracks cannot be reached by stulus tips of 0.0005- and 0.0001-
inch radius found in most instruments. Also, these instruments evaluate
tke roughness along a thin line which undermines accuracy because the
three-dimensional aspect is not taken irto account. This situation might
be be minimized by traversing in various directions and also by having

knowledge of the distribution of the irregularities.

Interesting comparisons have been made of various tip radii effects on
similar surfaces(Ref. iS); Results showed that for a turned surface,

the 0.001-inch stylus read 53-microinch AA finish while the 0.0001-inch
stylus gave a reading of 52-microinch AA, hardly a significant differ-
ence. But in three ground surfaces, the blunter instrument could not
bottom consistently, therefore, giving smaller measurementc. For these
surfaces, the 0.00l-inch radius tip measured 1.6-microinch AA for the
first, 5.5 for the second, and 22 for the third. The 0.0001-inch tip
measured 1.8, 7, and 3l-microinch AA, respectively. The difference in
stylus effect is more pronounced in the rougher finishes for those ground

surfaces.

The precision of stylus instruments was testec by comparison with stand-
ards which were constructed and measured optically by Bickel (Ref. 4).
One observation was the effect of the tracer radius in interpreting

sharp corners as being rounded (Fig. 4).

i 0.0037:]’ ﬁ.OOM

/ 2 1227
118 MICROINCHES

/]
ACTUAL SHAPE INTERPRETED BY STYLUS

WY

Figure 4. Stylus Interpretation of a Rectangular Shape

34



While profiles of simple sine wave shapes could be accurately followed by
the stylus, the combined form of rectangular shapes upon a sine wave

(Fig. 5) could nou. be contoured satisfactorily.

0.004"

o.ooe"—l-‘
In— 0080" —-—-I

ACTUAL SHAPE

} 7

18 MICRGINCHES

WAl

3.6 MICROINCHES

INTERPRETED BY STYLUS

Figure 5. Stylus Interpretation of a Combination Shape

Table 5 indicates the results obtained by Bickel in a comparison of three
stylus instruments (set at the cutoff values noted) while measuring rec-

tangular profiles similar to those shown in Fig. 4.

TABLE 5

COMPARISON OF ARITHMETICAL AVERAGING
INSTRUMENTS (MICROINCHES AA)

Instrument A Instrument B Instrument C

Calculated 0.030 inch 0.060 inch 0.030 inch
2.7 2.6 2.36 3.2
25.0 25.6 26.4 30.0
58.0 57.0 53.3 68.0
120.0 124.0 128.0 136.0




A calculated curve which relates the styius radius error with the average
roughness height of precision reference specimens used to calibrate these
instruments is found in Appendix C ¢f Ref. 2. The reference speci- 'n
profile is made up of a series of known sizes of peaks and valleys havirng
included angles of 150 degrees. For .example, use of stylus tips having '
0.0005- and 0.0001-inch radii for a reference specimen of a 4-microinch
AA result in errors of 77 and 12 percent, respectively, indiecating the
relative capability of each tip radius to bottom the 150-degree included

angle.

Taper Sectioning

Taper sectioning is a method whereby the surface roughness is magnified
by slicing (grinding and lapping) the surface at an oblique angle. - The
magnification of the surface asperities of a taper section is a function
of the taper angle; for example, if the section is cut at 2.3 degrees,
the vertical dimension would be 25 times the horizontal. Most materials
require hard surface electroplating to prevent damage when cutting. This
method of surface study is most accurate when the irregularities are
wedge shaped or produced by unidirectional processes. When ground sur-
faces of this type are viewed they appecar as jagged, sharp peaks with

an irregular pattern. Lapped multidirectional surfaces are very difficult
to evaluate because they include'picg,‘gouges and material that appears
to be floating on the surface. Evidently, what is seen considering
various sized cones as the surface makeup will depend on the sectioning

angle and at what point it cuts each cone.

Excellent taper sectioning can be seen in Plate I of Ref. 6 and pages

191 and 192 of Ref. 20, These microphotographs show the irregular con-
tour of various finishes én metal surfaces. One partioular photo (Ref. 20 )
shows a 1.6 microinch rms surface whose vertical dimensions are optically
magnified to 10,600 X. The surface appears to be less jegged than other
photos of higher rms values. A taper section microphotograph (Ref.20 )



| b .

shows a surface finished by lonse-abrasive lapping. It is unique in that
no definite trace can be observed, rather what is seen are outlines of
cones or "mountains" of various sizes superimposed and scattered through-
out. Analysis of such surfaces would be difficult even though the sur-

face can be microscopically resolved to 1 microinch.

Optical Interference

The use of the principle of light wave interference makes it possible to
measure surface finishes to a high degree of precision. Monochromatic
light is directed through a transparent material with an accurate flat
side which lies on the surface being inspected (Fig. 6). The two surfaces
are separated by a thin wedge of air. Light waves are reflected from the
work piece and the optical flat surfaces so that waves in phase produce
bands of light and conversely when they are out of phase the waves inter-
fere, producing dark bands. Alternate bands of light and dark approxi-
mately the same width appear at right angles to the direction of the air
wedge. The bands give the effect of a contour map, decreasing in width
and increasing in number as the wedge separation distance increases.
Conversely, on a flat surface the bands will appear straight and parallel.
The distance from a point on one band to the next band is equal to 1/2 of
the wave length of the light used. The waviness and jaggedness of the
interference bands are an indication of the surface irregularity and can

be measured.
LIGHT SOURCE

OPTICAL FLAT

WORK

Figure 6.
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Optical Flats. Optical flats are precision giass or quartz plates that

are flat to less than 0.000001 inch and generally used to check flatness
(Fig. 6). Interference is the phenomenon upon which this method is based.

Normally a source of monochromatic light is used.
Some of the light sources available are white light with a wave length

(X) of approximately 20 microinches, yellow-orange light at 23.2 micro-

inches, and green light whose wave length is 21.5 microinches.

Microinterferometry. Microinterferometry is the .use of the optical flat

and monochromatic light source with a microscope to give a very sensitive
method of surface investigation. Instruments of this type, which are used
tc measure surface roughness, are known as interference microscopes or '
microinterferometers. The Zeiss instrument (Ref. 15) has magnification
lenses of 80, 200 and 480 X, and uses a reference mirror on one side of
the optical axis in place of the optical flat and two light beams. Various
reflecting powers are available so the brightness of the test piece can

be matched, giving sharp fringes.

This type of equipment is best applied to highly finished or glossy sur-
faces where the deviation of surface heights is within a few light wave
lengths. Coarse surfaces cause the contour lines to become very close

together and interpretation very difficult.

Multiple Beam Interferomety. Most of the advances towards the high degree

of sensitivity of the multiple beam interferometry method of measuring
surfﬁce contour have been made receatly. Surfaces of the optical flat
and the specimen surface are coated with silver having a high reflecting
coefficient and also a high transmission coefficient so that incident
light will be reflected back and forth resulting in an interference pat-
tern of all these beams (Ref.19 and 22). The dark bands usually observed
in other optical methods are reduced to thin lines which are able to re-

veal fine detail down to 0.02 microinch.
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Electron Microscope

The high resolving power of the electron microscope makes it useful for
the determination of fine finishes. Its main difficulty is that the
electrons mst pass through the specimen before striking a photographic
plate, thereby limiting its use to thin sections. Another drawback is
the necessity of using high vacuum and strong electron beams which can

cause physical changes in certain specimens (Ref. 5).

The surface roughness is estimated by light and dark areas on the photo-
graphic plate. Electrons hitting high spots have a lo.ger path to travel
so that a smaller portion of them will pass through. The relative density

on the photo plate is an indication of the variation of surface height.

In certain instances (thick sections), it is impractical to use the actual
specimen so plastic replicas of the surface are used. The surface is
coated with a film which is then stripped off and examined. In practice,
resolution down to 0.2 microinch or magnification of 10,000 diameters
(Ref. 9) is usual, although linear magnification of 50,000 is possible
with this type of instrument under optisum conditions. Excellent micro-
photographs of polished surfaces obtained by this technique can be see

on pages 188 and 189 of Ref. 5.

The disadvantages of the replica technique can be avoided by the electron
reflectisn method where the surface is viewed obliquely and the surface
protuberances are seen in profile. This method was studied by Halliday
(Ref. 10) and is shown to be particularly suitable for the examination

of surfaces on which the irregularities are small, therefore, ground,

lapped, finely abraded and polished surfaces can be studied.

Profile or Light Section Microscope

This simple optical method gives a detail picture of the surface but

only of a very thin plane. The light source provided through a narrow
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slit falls on the speciwven at an angle of 45 degrees to the surface of
the apecimen. Seen in the optical system ia & cross section of local

irregularities made by a line of light following the surface contour

(Fig. 7).

LIGKT
SOURCE

Figure 7. Principle of the Light Section Microscope

The smallest irregularity visible is on the order of the wave length

of light or microinches (Ref. 5). Sensitivity of this method is between
20 and 1600 microinches in deviation from the plane surfaee. It is con-
siderably less sensitive than interferometry, being based on simple

magnification rather than interference.

REAL SURFACE

To properly visualize real surfaces requires the ability to think small
coupled with first hand experience. There are many variations possible
in ground and lapped surfaces because of the complexity of even the most
regular fine finishes. Some idea of the scope of the topography can be
obtained with the analogy of a plowed field or a mountainous terrain.
Metal surface asperities undergo transformations similar to erosion as

the surface is made smooth. Peaks are removed, and the remaining slopes
become less steep.
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Dimensions

Real surface dimensions are measured normally in microinches or millionths
of an inch with 40 microinches to the micron (10-6 meters) and 250 Ang-
strom units to the microinch. Metal valve seats are normally finished to
less than 16 microinches AA by grinding and lapping, which places the upper
peak-to-valley measurement at less than 100 microinches (0.0001 inch). At
the other end of the spectrum, the lower limit of interest is in the vicin-

ity of 1 microinch hased on current day achievements.

To more completely describe the surface geometry, an angle is often asso-
ciated with surface asperities. This angle is thc slope of individual
undulations relative to the nominal profile. Except for machine-induced
regularities, the asperity slope has wide variation from minute fractions
of a degree to approaching the vertical, depending upon the scale of
roughness viewed. As with the mountains, large-scale undulations have
shallow angles and range from a gross flat characteristic of one gradual
curve to periodic waviness. Superimposed upon the larger undulations

are smaller and smaller facets, aud the smaller the facet viewed the

larger the slope angle may be.

A detailed examination of ground, lapped, and abraded surfaces was under-
taken by Halliday (Ref. 10) using reflection electron microscopy. Micro-
graphs of aluminum, copper, mild steel and hardened tool steel show
asperity slope angles and heights from 0.1 degree and 0.4 microinch for
electropolished aluminum to 30 degrees and 70 microinches for ground,
hardened steel. Finer surfaces of approximately a 10-microinch height
had corresponding asperity angles of about 1 to 2 degrees. This places

the base dimensions of these asperities between 100 and 1000 microinches.

Configuration

It has often been assumed that the irregularities or asperities of finishes
that have been ground or lapped multidirectionally are generally cone

shaped. They begin in the shape of wedges, scratches, etc., but are
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slowly rounded as cuts are taken radially. Examining any one irregular-
ity microscopically would show smaller irregularities pointing to a

situation of flatness not being possible in an absolute sense.

Bowden and Taber (Ref. 6) describe investigations of yield pressure as
a function of the included angle of a single cone-shaped asperity in an

analysis of the plasticity characteristics of the cone.

Other surface investigators in various experiments concluded that meaning-
ful results are possible when assuming conical asperity shapes (Ref. 1,
12, 13, and 16). Archard (Ref. 11) discussed some interesting data of

an experiment by hulliday who, by reflection electron microscopy, meas-
ured the slopes of surface irregularities of various steel and copper
cylinders that were rough etched and rolled against each other with
contact force high enough to cause plastic flow. The resultant maximum
s8lope angle measured 1.2 degrees and the minimm was 0.8 degree.
Archard's conclusions suggested that asperities of angles less than some
calculable amount will plastically yield until they reach the shallow,
low, wide base shapes measured above. These asperities of wide included
angles will elastically deform into the surface until the surface is flat

and the load supported.

-Many of the approximations of the conical shape and size can be applied

to the pyramidal shape. This shape can be assumed to result if a surface
is finished by a process involving abrasion or cutting in two directions
normal to each other. In unidirection processes such as turning or super-
finishing, the wedge shape irregularity results. Scratches fall into
~_this category. As the wedge shapes become shorter in length as in grind-
ing, they approach more closely the pyramidal shapes.

The geowetry of spherical shapcd asperities has been assumed by Archard

{Ref. 1), Kragelsky (Ref. 11), and Bowden and Tabor (Ref. 6) in contact

analyses where this idealized configuration lessened the mathematical
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difficulties involved, It is probable that among the various shapes
suggesied, the spherical one is most unlikely to occur except in unique
casea. However, with a situation of worn, broken, or deformed peak pointsg,

almost any shape asperity may approximate the sphere if only at its tip.

There is little information on the statistical distribution of asperities
of fine surfaces. The surface of the most finely finished material can

be described as irregular if very scnsitive instruments are used to ex-
amine it. Indications are that all surfaces contain random irregularities
of various sizes with scratches, cracks, and intermittent flaws. Applica-
tion of distribution laws can only be done theoretically with approxima-

tion as the result.

A paper by Reason (Ref . 17) shows profile charts of two actual surfaces
whose profiles do not appear congruent but having similar AA values.
These inconsistencies have been recognized by researchers in the field
(Ref. 4, 7, and 20) in considering the multitudinous variables affecting
surface geometry and it has been suggested by Reason (Ref. 17) that for
some¢ surfaces, the process of manufacturing may need to he specified with
the AA used as a simple controlling measure., This approach is obviously

applicable to man.' critical valvs sealing surfaces.

Visual Appearance

In describing real surfaces, a great deal of importance is often placed
on visual effects and what is assumed from them. At best, the resc¢olving
pover of optlcal microscopes is 0.7 m: "r01nchesl, aud no conflguratlons
smaller than this dimension can be clearly seen. Matte surfaces contaln
irregularities smaller than 40 microinches set at random angles so as to

scatter the majority of light. The darker the surface the more scattered

11/3 wave length of maximum intensity
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the light and thus rougher the surface. Conversely, polished surfaces
have broad areas which reflect a great deal of light similar to & mirror;
however, in normal terms of peak-to-valley roughness, both surfaces can

have the same average value.

Attempting to judge surface texture on a purely visual basis is generally
misleading. Matte surfaces will tend to hide defects and scratches. How-
ever, a smooth appearing, mirror-like surface may contain relatively large

undulations.

Composition

The surface layer is composed of a mixture of absorbed ga..s, i« .....c

~~oxides, and various other contaminants in amounts depending upon past

~ history. It ie these contaminants which maintain sufficient separation
“between mating surfaces to preclude welding. Bowden and Tabor (Ref, 6)

~indicate that freshly lapped or ground metals (iron, nickel, chromium,

 and aluminum) will acquire a layer of oxide between 10 and 100 Angstroms

thick in about 5 minutes or less. It is the breakdown of these oxides

and other films which lead to wear and galling or seizure.

_‘Because of the work-hardening nature of the finishing process, the hard-

~ ness of the surface layer will be greater than the basis metal. Soft,
"}vork-hardenable materials will have a larger increase than hardened

steels. In addition, hardness within the crystalline grain structure of
V'Iatqla may vary considerably. This can induce roughness between contacting

Tii%i!u!!;ce- under lcaded conditions.

. 'CONTAGT AREA AND LOADING EFFECTS

If two relatively smooth surfaces are brought together, contact will take
~ place only in isolated spots. The irregular nature of the surfaces will
- permit stable touching at three points of contact until increased load
¢causes a combination of plastic flow of the initially contacted asperities

"' end elastic deformation of the supporting base material.
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Gross areas of contact may be completely defined when the contact is
curvilinear as 1n bearings and curved rollers, etc. The Hertz theory ol
elastic contacts (Ref. 21) describes a contact stress distribution which
allows computation of gross bearing area, maximum stress, and deformation.
Nominally flat surfaces which are not perfectly flat, do not have well
defined regions of grose contact until loads are such as to bring the
geometric total of the bearing surfaces in intimate contact. Even then
the real contact area is only a relatively small percentage of the gross

or apparent bearing area because of surface roughness.

In their study of friction and lubrication, Bowden and Tabor (Ref. 6)
have evolved contact theorieg tc dev~ribe the real contact area between
metal surfaces. These are husei . .n observed evidence that (1) real
contact area increases in driect proportion to applied load, and (2)
friction force, while iundupendent of apparent area is a function of the
real area of coutact, If the contacting asperities are assumed in a
state full plasticity and welded at contact, the force required to shear
the welds would be the friction force, The real area of contact is de-

fiped by the plastic flow pressure (Pm), or stress, of the surface asper-
ities and load (W), so that

W
Av = B

m
The plastic flow pressure has been evaluated for pyramidal aad spherical
shapes, and for the shallow slope angles normal fer asperities, is re-

lated to the elastic limit (Y) by a constant. It ia, therefore, inde-
pendent of the applied load; for fully work-hardened metal

P = 2.8Y.
m

The real area of contact is also defined by the matevrial shear strength
(S) and friction force (f) as
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and it follows that the friction coefficient

I S A 1
K W AP " P

This relationship has been experimenﬁhlly corielated for a number of dif-
ferent materials. Considering that valve seates normally work well below
the yield strength it is apparent that the real areas of contact computed
from the above equation would result in a very small percentage of the
apparent area in real contact. If it can be assumed that the apparent
contact area (Aa) is defined, the ratio of real to apparent area is equal
to the ratio of apparent stress (S‘) to plastic flow pressure (Pm)

ﬁl-.- - W/Pm ™~ -s:—a— - —"!—'s
B ’A‘ V;Sa Pm - 2.8Y

" A typical hardened valve seat (Y = 250,000 psi) operating at 10,000
psi apparent stress would then have a real contact area equal to 1.4

"percent of the apparent contact seating area.

":;In flat surface experiments (Ref. 6), two steel surfaces, lapped flat
within a few fringes, of 0.124 and 3.25 sq in. were brought together under
- ‘various ioada, and the electrical resistance between them was measured to
. determine the real contact area. Bpaultg for the 3.25 sq in. pair are

-duplicated on the following page.
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Apparent Diameter of Fraction

Load, Stress, n Each Contact, Of Area In g.
pounds _ps1 Contacta inches Contact 10=” Ohms
4,4 1.35 3 0.004 1/100,000 50.0
11.0 3.38 5 0.005 1/40,000 25.0
44 .0 11.4 9 0,007 1/10,000 9.0
220.0 68.0 22 0.009 1/2,000 2.5

1100.0 338.0 35 0.017 1/400 0.9

The results indicate real area proportional tec load. FKowever, the range

of apparent stress is far below valve seat stresses.

Through analysis of wear experiments, Archard (Ref. 1) has concluded

that real surfaces support thieir loads predominantly in an elastic manner
with only a small percentage of the contacts undergoing plastic flow,
Friction between real surfaces has been experimentally proven to be pro-
portional to the real area of contact. Archard has examined mathematical
models of spherical surface protuberances pressing on a flat plate and

has shown that real contact area is a power function of the ioad or
Aaw

where n = 2/3 for a single protuberance (Hertz) and approaches unity

for numcrous protuberances. This conclusion was also reached by Kragelsky
(Ref.11). Consequently, it was concluded (Ref. 1) that surface welding
was a consequence of singular encounters occurring infrequently, and the
more typical event is an elastic contact in which protuberances separate
without damage. The elastic event thus determines friction and not

welding as concluded by Bowden and Tabor,

In substantiation of his views, Archard describes the results of reflection
electron microscopic examination (Ref. 10) of some metal surfaces (aluminum,
copper, iron, nickel, steel, etc.) pressed flat (base metal plastically

flowed) by a carefully polished hardened steel anvil. It was shown that
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the resulting slopes of the asperities were in all cases less than 1,2
degrees, and following cowmpression, weire entirely elastic in that the
asperities could be pressed just flat withovt plastic flow. VHoreover,
in experiments involving phase contrast microscopy observation of nomi-
nally flat, ground, polished, and lapped specimens against a metallized
g§loss surface, Dyson and Hirst (Ref. 8) concluded that the bearing area
may be comprised of considerably more points of contact than noted by
Bowden and Tabor. Instead of 9 contacts at a 0,007-inch diameter and
44 pounds, they measured many contacts of only a "few microns" (0.0001
to 0.0002 inch) under similar conditions. This evidence supports Archard's
hypotiiesis of bearing area increasing directly with load thrduth an in-
crease in number of contacts. a

The elastic theory would suggest that low slopes of irregularities of
‘the fine finishes being considered applicable to valve seats would pre-
~ ¢lude the occurrence of plastic flow. The significance here is important
~ when considering the effect of removing the load which allows, in this
J reversible process, a return to the original state of the surfeace.

- Further substantiation of Archard's views of elastic behavior of surface
.. . .asperities are provided by 0'Connor (Ref. 14) in examining the role of
”:~f;lperitieg in transmitting tangential forces. An idealized surface with
_Ef ;g§ sinusdidal profile iy assuwed in contact with a flat surface of the
*“féane material under an average pressure. For purely elastic deformation,
_n;flgg,ggrt; theory indicates real to apparcnt area of contact
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P = average Hertz contact pressure
E = elastic modulus
Aa = appareunt srea

Y = yield atrength
Ar = real area

For full plasticity, the required load is approximately 75 times that re-

‘required for initial yield; therefore, the criterion for fully plastic

behavior is

A< EP
5 <0.017 =

Y2
Microscopic examination of several surfaces varying from rough-and-soft
(A/h of 5 andDPH * 145) to smooth-and-hard (A/h of 30 and DPH 700) indi-
cated a general correlation with the above analysis; i.e., the asperities
of the soft material yielded plastically while the hard surface indicated
no signs of yielding, either directly or with profile records. These ex-
periments were performed using & normal load of 13,440 pounds between two
surfaces, one of which was flat and the finish varied and the other curved
to a 30-inch radius with the surface hard and polished. The high normal
load resulted in eiastic coutact circles of approximately a 1/2-inch
diameter and maximum contact pressures for the hard and soft materials
of 83,000 psi and 53,000 psi, respectively. Although the asperities of
the soft material yielded, its real area of contact was only slightly
larger than the harder specimen. The AT/Aa values for the soft metal
that were calculated and microscopically measured was 0.28 at the center
or maximum pressure area, whereas the calculated value for the harder

material was 0.20,

*DPH = Vickers diamond pyramid hardness number
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The paper concludes that the majority of surface irregularities of typi-
cal engineering surfaces are deforwed elastically, or at least do not
reach the condition of full plasticity. Under these conditions, the area
of real contact is determined by the surface topograph (A/h) ae well as
hardness of the ﬁaterial, and.ia appreciably greater than a purely plastic

analysis would suggest,

SURFACE STUDY RESULTS

The understanding provided by the study of surface finiehing methods,
measurements, and the efforts of researchers in related fields has also
provided an understanding of the vast scope of real material contacts.

It is apparent from the small amount of available data and conflicting
theories just how complex the contact problem really is and it is not
‘hard to imagine why design data on the valve seating are nonexistent in

~ the current literature. One of the basic problems is the complex inter-
action of plastic-elastic ph.nomena taking place in many surfaces because
of extremes in dimension and material properties. All real material con-
tacts h;ve degrees of elastic and plastic deformation taking place during
loading. The Question is, which is characteristic and how much? Because
the poppct and seat program is restricted to the relatively hard and
smooth materials normally associated with valve seating elements, the
number of variables is restricted accordingly, and the following con-

‘¢lusions have been formulatéd on that basis:

1. Archard's elastic thoery of multiple contacts (Ref. 1) best de-
scribes the growth of real contact area (area is directly pro-
portional to load and increases because of increasing the mumber
of contacts).

2. Because of the extreme uniformity of seating surfaces asimpli-
‘fied alastic analysia hased upon a un1form1y smooth surface may
be developed to describe the canirolling parameters for the
dofornntion of real surface profiles. This analysis will pro-
vide background and direction for the experimental effort, and
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in addition, will result in a mathematical tool for extrapolating valve
seat design, tempered by the inspection and test data from actual valve

seats,
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LEAKAGE FLOW ANALYSIS

DEFINING PARAMETERS

In considering the leakage and flow across a valve seat, a number of
equations must be taken into account. These range from the nozzle
equation which generally applies to the wide open valve to the viscous
and molecular flow equations applicable under seated conditions. The
equations derived in this section are presented for compressible and
noncompressible fluids for flow through parallel plates. The equations

are equally applicable to flat, conical, and spherical valve configura-

tions because the near and on-seated passage configurations approximate
the parallel plate model. A specific example of nitrogen valve flow
through a model valve seat is presented in subsequent paragraphs. This
practical example will illustrate how each flow regime blends into the

next to build the over-all flow-leakage characteristic curve.

SIMPLIFIED FLOW EQUATIONS FOR
SMONTH PARALLEL PLATES

Nozzle Flow

The compressible and iucompressible .flow equations derive from the basic
Euler momentum relationship. The Euler equation gives the following

relationship between velocity, pressure, and density

1/2 V2 + J QSB = Constant (see page 70 for ncmenclature)
For the incompressible consideration, density (p) is constant, and the
resultant relationship is known as the Bernoulli equation. If the inlet

velocity i3 neglected, the following equation evolves for flow of an

Preceding Page Blank
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incompressible fluid through a nozzle

W= CAJ2 gp (Pl-P2)

This equation requires a diacharge coefficient (C) to correct the ideal
frictionless flow to the actual case, The discharge coefficient is a
function of the specific configuration being considered, therefore, it is

derived from emperical data,

For the specific application of this equation to a valve configuration,

area (A) is usually expressed as a function of the stroke height (hp)

and the seat perimeter (W). This substitution can be made in the nozzle
17 ~and the turbulent channel equations,

- For the compressible flow analysis, the density is not constant and therefore
:;:fi}r'{jft:the integral of dP/p must be evaluated for specific assumptions. For an
~~ “adiabatic, frictionless process comsidering a perfect gas, the following

" vequation ig derived

k+l
k-1

il ()

%%?:f‘AA in the case of the incompressible flow, a diacharge coefficient is
'required to account for the irreversibility of flow. The above equation

further assumes that a chocksd or sonic flow exists across the mnozzle.

In practice; leakage is most often expressed in terms of a volumetric
flow, For compressible fluids, where density is a veriable function of
pressure and temperature, standard conditions (P.,Ts,pb) must he defined.
The conversion relationship for all fluids is

W oBls
: pl wPl

Therefore, for both incompressible and compressible fluw; at s“andard
. comditions, the weight and volumetric flows differ by a constant.
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The nozzle equations can be applied to a poppet valve configuration
(similar to an orifice) from the wide open condition to the near-seated
position, When the valve closure height has decreased to the position
where wall friction at the seating surface (and thus land length) is
significant, the nozzle regime terminates and turbulent channel flow
commences, There is no precise point at which nozzle flow terminates,

the transition being a complex function of the particular channel geometry
and Reynolds number, However, in general, if the length to height ratio

is 10 or greater, channel flow is imminent,

Turbulent Channel Flow

In this flow regime, the same basic continuity and momentum considerations
hold with the addition of a term for the effects of friction. In the case
of an incompressible fluid, the basic Bernoulli equation is modified to
the form

A P_f; oV
2g

where flow is defined by continuity as
w=pAYV.

The first equation expresses diffefential pressure as a function of
friction factor (£) and velocity (V). The iriction factor is related
to velocity through emperical parametric curves of friction vs Reynolds
number and wall roughness {Moody diagram Ref. 23). The solution to

these equations is by trial and error,

The equations for fluw in the turbulent channel regime were developed
for flow-through circular tubes, To apply the egeations to other
channel configurations, the tube diameter in these equaticns must be

expressed in terms of hydraulic diameter (D). Hydraulic diameter is
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defined as four times the ratio of the cross-sectional area to' the wetted

perineter.' For varallel plates, the hydraulic diameter is equal to twice
the plate apacing (2hp). |

The equations used to compute compressiole fluid flow in this regime
are obtained from Shapiro (Ref. 24). They assume an adiabatic cvostant-
area flow and include the effects of internal fluid and wall friction
‘and fluid momentum. To compute the weight flowrate, two equations are
- required. The first is a relationship between entrance mech numher (M)
- and friction factor (f) for the condition of chgkad flow at the exit of
:”Ytho valve geat channel (M=1)

=

o2

|

[~

2
= 2(1+ w)

e

RN .
ae
EUNN

;iAl in the incénprelaible case, the solution of this equation is by trial
and error. Shapiro's text gives considerable assistance in tiie solutiom
pf this equation by tabulatimg fL/D vs Mach number, thus permitting
interpolation ot dealred information. For the subsonic solution,
pxeference is made to Shapxro's text

 £nc§ ihe entrancé Mach number and density are determined, they are used
~ in the continuity equation to compute the weight flowrate based on the
-inlet conditions

w-_pm,/kgm'l

The equations in this section are confined to the turbulent flow regime,
.¢,, Reynold numbers greater than 2000, However, these equations can
-be extended into the initial portion of the laminar flow regime where
?fluid momentum is still an important consideration. In this case, the
,;fv;!rzct1on facior is a linear function of Beynoldn aumber and is ngen

o for the pcrnllel plate conlidoration as

L= 96/11e
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Laminar Flow

The analysis of fluid flow in this regime a:zsumes that the {emperature
is constant (isothermal), that the fluid momentum effects are negligible,
and that viscous shear forces govern the flow. These assumptions result
in the Poiseuille equation for flow through stationary flat plates
(Ref. 25)
@ 12 Vaverage
dxX

h2

By using the continuity equation, the relationship is reduced te express
vhe viscous flow through flat plates
3

w = —F ~=—
124 L

koo 2 compressible gas, thermal effects are present; however, the assump-
tion of isothermal condition can be made because of the small channel
thickness and low velocity. The compressible version of the Poiseuille
equation is ohtained by assuming an average density across the seat land
eand a perfect gas; therefore,
Whpj (P12 - P 2)
24y 1IRT

2

W =

This same basic relationship can be derived for ilow between circular
flat plates. This equaivion contains the natural log of the radius ratio

which accounts for radiai divergence of the flow and is as follows:

Tho P.2.p?2
W = p 1 2
r2 RT
124 4n =
|

Normally, this divergence can be neglected as the r2/r1 ratio is close to
unity. When this ratio is greater than 1.4, divergence shoulé be

considered,
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Transition and Molecular Flow

‘The determination of molecular flow involves the application of the

kinetic theory of gases. - A flow equation derived (Ref. 26) for the
molecular regime is as follcws .

h a
Q "'3’.’1‘ (PI-PQ)

rimeter. When this basic relationship is applied to parallel planes,

| Wh (p, - P,)
w3 [T 2 L__2

There exists 4 transition region vhere both molecular and laminar
Aviscous) flow effects are operating. The limits of these regions are

?"iiigpproxintely defined by the ratio of mean free path of the molecule
AX) to the characteristic dimension of the channel (o) when:

l//hp < 0.01, flow is viscaus
- X,/hp is 0.01 to 1.0, transitional flow exists

A’/hP > 1,0, flow is molecular

modified equation proposed for flow in the transition region is

“Wotal = “%iscous * 4 molecular
!‘ho molecular flow uctor (€) is (enemlly close to unity. It takes into

gf thc passage valls. For -i-plicity, € has been arnsumed as unity;
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therefore, the transitional equation reduces to the direct addition of
the viscous and molecular flow quantities. The predicted flows in the

transition region will be slightly higher as a result.

STATIC PRESSURE DISTRIBUTIONS

Static pressure distribution across a valve seat is of interest to the
valve designer in determining the forces associated with a particular
configuration. These forces determine such external performance param-
eters as cracking and reseat in relief valves or influence stability in
the case of regulators. The theoretical aspects of pressure distribution

for the various flow regimes are discussed in the subsequent paragraphs,.

Nozzle Flow Regime

There has been a considerable amount of analytical work conducted on
converging nozzles, particularly for compressible flow. However, the
particular model under investigation has essentially constant cross
section along the flow path; therefore the model is analogous to a short-
tube orifice. The pressure profile along this orifice configuration is
similar to the converging nozzle because the flow separates from the
walls after entering the seating separation and exits with the stream
contracted (vena contracta). Unfortunately, this analysis is basically
qualitative, and the determination of the pressure profile in this con-

figuration must be determined experimentally.

Turbulent Channel Flow Regime

For the incompressible fluid, the pressure drop is a direct function of
the length of the path; therefore, the preassure profile is a straight
line across the seat land. This results in an effective seat diameter

location at the land midpoint.
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.The pressure distribution for the compressible gas consideration is some-
what more complex. Shapiro's equation discussed previously assumes that
the exit velocity is sonic and that the corresponding length computed is
for a specific inlet velocity. By assuming various channel lengths and
computing the inlet conditions, the pressure profile can be determined
for the complete channel, 1In general, the pressure profile along the
channel approximates a straight line for th® higher Reynolds numbers.
", However, as the valve model closes (corresponding to a decrease in h and
~ Reynolds number), the pressure profile progressively approaches the para-
. . --bolic shape found in the lamipar flow regime. |

j;;v;;Lug}nax Flow Regime

Inlike the analysis of pressure distribution in the nozzlc and turbulent
channel regimes, the laminar consideration is straightforward. Because

e density is essentially constant for the‘inconpresaible fluid, the

gpre;-ure profile will be a straight line with the effective area located
at the midpoint (Fig. 8).

LEEECTIVE o
“DIAMETER

©© " INCOMPRESSIBLE FLUID COMPRESSIBLE FLUID

!,;3?if,* o o | ;'Iigure 8. Pressure Profiles
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Based on the laminar flow equation for compressible media, the following
fermmla can be derived which expresses the variable pressure (P) as a
function of the distance along the seat land (X)

P, 2Ml/
ren 0-30-(E) D)

The resulting curve is parabolic in shape (Fig. 8). To find the average

2

pressure (P) over the entire land, the previous equation is integrated to

give the following relationship

1
2 2
1 " P

3 3
= 2 By - Py
P = '3

P

It P
to

g can be neglected, the average pressure for the seat land reduces

P 3

(][
)

It follows that for L small relative to the ID and r, << Pl’ tke effective
seat diameter for compressible media is located at 2/3 of the distance

across the seat land.

For the special case where the radial divergence must be taken into ac-
count, i.e., when L is large relative to the ID, the first equation must
be modified. It can be seen in the following equation that X/L has been
replaced by a radius function in the original equation, and the variable
pressure (P) is now a function of the radial distance (r) aloug the seat
land.

n 1/2
in — 2
Ty Py
P = P, (1 - ——= 1 _(__
1 r P
{.n—2- 1
T
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Because ry aud r,, are both variablea in the general solution of the cqua-

2
tion, a single pressurc profilc vcurve cannot be determined. However, the
general effect of radial divergence ig to straighten out the parabolic
curve, and for the extreme casc, actually reverse the curve so that the

effective diameter is less thau the land midpoint,

Detail consideration was not given to the transition and melecular pres-
sure distributions because these flow regimes almost always occur vuder
highly stressed seating conditions, and therefore, the force resulting

from small differeuces in the effective sczat area is negligible relative

to the total seat force.

SAMPLE COMPUTATION

To illustrate how the previgcusly developed flow equations are used, the
following saxple computation is presenied. The scatl model selccted is
the l-inch configuration used in the off-seat leakage tests. A cross-
section of this seat configuration is shown in Fig. 9. Flow is from the
inside (ID) to the outside (0OD) of the 0.060-inch flat seat land. Leak-
age has been computed for nitrogen gas at a 100-psig inlet pressure, a

70 F inlet gas temperature, and a 14.7-psia outlet pressure.

Figure 10 presents the leskage spectrum for the sample computatien, The
various flow regimes, i.e., nozzle, turbulent channel, laminar, iransi-
tional, and moiecular are idenvified on the curve., Also, the limits of
each regime are shown. A range of theoretical parametric data has been
computed for varioue pressures and gases and is presented with the tlest

data in the experimental test program section.

The tollowing parameters are known values for this seat configuraticn and

are used in the flow equations to cowpute the notea leakage characteristics.

Discharge coefficient, C » 0.95

Gravitational accrleration, g = 1.39 x 10° in./min2

62




—— 99-£56528 POPPET

FLOW \
MEAN SEAT DIAMETER 99-556527 SEAT

- Dg = 0940 S

Vigore 9. Yypical 1.0-Inch Poppet and Scat Model

63



Specific heat ratio, k = 1.4

Channel length, L = 0.060 inch

Inlet pressure, P1 = 114.7 psia
Discharge pressure, P2 - Ps = 14.7 psia
Gas constant, K « 663 in./R

Absolute temperature, T1 - Ts = 530 R
Channel perimeter (n D!), W = 2.95 inches

Absolute viscosity, M = 4.40 x 10"11 lb-min/in.2

Nozzle F{gz

For a compressible f;uid flowing sonically the following equation is

used
k+1
RT CwWh P — ]
¢ - F- fn—.rpl /‘K (FpH!
'8 1 3 -J

Using the assumptions and data outlined previcusly
Q = 1.045x 10’ n_
P
The orifice flow ceases, and turbulent channel flow commences at a height

(b)) of approximately 6 x 10% microinches (Fig. 10). The land width is
0.060 inch giving an L/hP ratio of 10 for the break peint,

ggybulentWChannel quy

Flow in this regime is defined by a curve on log-log paper; therefore,
a sepple calculatioa o¢ one Point, will illustrate the method used. loak-
age 1s computed for a stroke height (h_) of 0.001 inch in the following

P
stepa:

1. Hydravlic diameter, D . 2hP = 0.002 inch
64



108

NOZZLE
\ FLOW
210
/ P
104 AN
TURBULENT
CHANNEL
fFLOW
103
FLOW
i0? f——— —
p
O
7,
g To} o
e
e
-4
w (0]
S 10
o
4
=
< -
10 — =
TRANSITICN FLOW
( MOLECULAR
AND LAMINAN)
10
107 —
]
=10
p
IQ-4 - —— — S
MOLECULAR
|0'5 L " l J
" 103 104 103 104 10’ 00 10!

HEIGHT, MICROINCHES

Figure 10. Theoretical Nitrogen Flow Through
The Valve Model Shown in Fig. 9

65



2. A friction ccefficient (f) is estimated at 0.040. This is the
starting point for the trial and error solution; (f) will be

verified ai the conclusion of this computation,

3. Compute fL/D = 1,20

4. Compute the entrance Mach nuamber (M) from following equation
(Table B.4, Ref. 24)

£ 1-M ko (ke1) M2

for

fL/D = 1.20, entrance Mach number

M = 0.49

5. Assuming an isentropic entraunce condition, entrance static pres-
sure (Pl) can be computed from the follewing equation where PO
is the stagnation (total) pressure of 114.7 psia, and M is +the

entrance Mach number

therelore, static pressure, P = 97.3 psia.

6. Again, assuming isentiropic conditions, the entrance static tem-
perature (Tl) is computed from the following equation for a
total temperature (To) of 530 R.

T
o k-1 2
7 = 1 < M

1

therefore, siatic temperature (Tl) = 506 R
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7. The following series of e;uations are used to compn.ve the flov

(Q) in the channel

1
p nn ———
1 RTl
A = Wh
P
w = p AV,
RTS
Q = Wy
8

from which the flow, Q = 7960 scim

8. To prove the flow computeation, the originally estimated friction

coefficient (f) is checked. Reynnlds number is first computed:

_yp
e m

R 3

= 3.95 x 1G
Using the computed value for Reynolds number, a fricticn coef-
ficient 18 determined from the Moody diagram. The friction
cnefficient determined from this curve is 0.039%, and 18 close
enough to the original estimate of 0.040 so that a recomputation

is notl necessary.

The curve plotted from this and other data points is shown as & dashed
line in Fig. 10. 7This flew regime extends into the initial portion of
laminar flow, 1i.e., Re below 2000 where fluid momentum is still an im-

portant consideration.

67



Laminar Flow

laminar flow for nitrogen gas is comput~d “rom the Poiseuille equation

in the following form

RT w2 (p® b ?) |
QB___E.. |4 ___2
P 24 ji L AT

Using the assumptions and data outlined,

Q = 4.08 x 107 h3p

This flow regime continues until molecular flow can be detected and the

transition flow (laminar + molecular) begins.

Tiansition and Holecglar Flow

The equation used to compute leakage in the molecular regime iz as follows:

2
N P .
B 3 ”

8 " L vRT/g

Using the assumptions and data outlined,

Q - 2.49 x 108 th

This flow regime is plotted on the lower right of Fig. 10. The dashed
line connecting the laminar and molecular flow regimes is simply the sum

of the two leakage values. Therefore, the transition equation is

Urransition = Yaminar * Wolecular
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The boundaries of this transition regime are defined by the following

limits
7[’/11p = 0.01 to 1.0

The moiecular mean iree path (X’) is 3.61 wicroinches for nitirogen at
standard conditions (70 F and 14.7 psia). For a mean pressure of 50

S

psig, X = 0.82 microinch.

The corresponding height limitation of the transition regime is between
0.82 and 82 microinches (Fig. 10).
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NOMENCLATURF.

A = area, 8q in,

C = discharge coefficient

D = hydravlic diameter, inches

f = friction coefficient

g = gravitational acceleration, in./min”
hP = parallel plate channel height, inches
k = ratio f specific heats

L or X = channel length, inches

M = entrance machk number
P = static pressure, psia
Q = volumetric flow at atandard conditions of temperaturc (T )

and pressure (P ), in. /mln or for compresaible flow, scim

‘1 = inside radius, inchee

T, = outside radius, inches

R = gas constaut, in, /R

Rb = Reynolds number

T = static temperature, R

' = velocity, in./min

W = channel width or perimeter, inches

Greek Symbols
w = weight flowrate, 1b/min
- = viscosjty, lb-min/in.2
= density, 1b/in.J

X = mean molecular iree path, inches
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Subscripts

inlet or entrance conditions
outlet or discharge conditions
stagnation conditions

standard conditions
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SURFACE ANALYSI1S

Study has shown that real surfaces are exceedingly complex, and that an
attempt to describe their deformation characteristics on an individual
asperity basis is impossible. Similar to one-dimensienal pipe flow,
simplifications must be made so that a minimum analysis will point the

way and hopefully provide quantitative data within one order of magnitude.

A fundamental preoblem in the analysis of surface geometry is the defini-
tion of the controlling surface characteristics for the specific applica-
tion. In one case, waviness is undesirable, while in others, scratches,
pits, lay, roughness, nodules, or even an approximation ol these defects
through appearance and feel may dictate requirements for the finished
surface. If valve seat leakage 1s to be considered from initial con-
tact to the molecular diffusion level, all defecte must be measured to

a relative degree. Nodular protuberances and/or contaminants hold the
peppet off seat at light loads often out of parallel and influence the
general compliance capability into the higher load region where waviness
and gross curvature differentiauls must be pressed ovut before compressing
the stiffer roughness. Finally, scratches must be raised from below by
the internal compressive siresses created in the material by the seating
force. Not considercd within the scope of this program, but possibly a
source of molecular diffusion leakage, are sarface films of a porous
nature. Each of the -ccognized surface characteristice must be analyt-
ically described so that their proportional influence on valve seat leak-

age may be quantitatively evaluated.

The purpose of this analysis is to first provide a means fo: numerically
describing the various constituents of seating su~faces commensurate with
measuring ability, and sccond to derive relationships relating seat load
to leakage. Because these relationships will be based upon simple, im-
perfect models, it is to be expected that experimental correlation will
be necessary to show the real situation. However, the understanding
provided by these relationships will result in the properly directed

pursuit of advanced designs and performance.
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EQUIV..IINT SPACING HEIGHTS FOR SURFACE DEVIATIONS

the deviatione of seating geometry may be broadly divided into the
following:

1. Gress ubnormalities of geometry such as out-of-parallel plates,
broad curvutures mecewvi2d as a deviation from a flat plain, or

arpherical’y mating urfaces

2., Pz stert ' surface texture previously noted, i.,e., roughness,

waviness, .ouval 9, pile, and scratches

the leakage flow through, and as a result of, these various surface devia-
tions may be indirectly determined by computing the equivalent parallel
plate spacing of each deviation for that portion of the seating surface

it cccupies. As previously shown, vaive seat leakage takee place mainly
in the laminar and nwvlecular flow regimes. In laminar flow between par-

- aliel plates the defining geometry is length, width, and separation
_height cubed (h3}. The same conditions hold for molecular flow except

fﬁ;?the separation height is squared (hz). Thus, the cubical and square

welghted Leight averages of the various surface geometries used to ob-
iain the equivalent parallel plate spacing he’ are of intereat. These
averages differ from the surface roughness averages (AA and rus) in that
they are for the peak-to-valley spacing and‘are not taken about a mean

" “line,

 Gross Geometry Deviations

- Valve seat leakage caused by gross separations in the interface is mainly
laminar but may be turbulent channel or nozzle flow. For the laminar
case, cubically weighted averages (heL) have been computed for typical
deviations of gross geometry. An example of the approach is shown below
for the out-of-parallel situation of a flat poppet and seat. 1t has been
assumed that the seat land is sufficiently narrow with respect to the mean
diameter that radial divergence and nonradial flow at the point of contact

contribute negligible error.

7
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he= ()

Curve Z is one-half of a sine wave when unwrapped; and therefore, the
gsame result is obtained by integrating over the length (7 R). Cylindri-
cally oui-of-flat defects (concave and convex) also result in siue wave
wvhen unwrapped; therefore, their cubical average 1s identical to the

above.

It can be shown for these models that the assumption of perfect radial
flow results in small error because more than 90 percent of the total
flow discharges from the wide 130 degrees of the periphery. Therefure,
only 10 percent of the flow is involved in the contact regions where

the flow is partially circumferential.

Surface Texture Deviatione

Except for rare instances, loaded on-seat leakage is a combination of

laminar and molecular flow (for gases). The leak path is through the
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interstices formed by the contacting asperitics. As with gross surface
deviations, weighted averages of the spacing (h) can be computed for
various regular geometric wave forms. For the laminar regime, the cubical

average (heL) is applicable: for molecular flow (heM)‘

The geometrical terms and equations used to describe model surfaces are
sumarized in the sinusoidal representation shown in Fig. 11. The height
(h) and wave length (X), can be assumed to represent various other wave
forms and exiat as waviness or roughness or a combination of both. For
example, a sinusoidal curve of smaller h and A can be superimposed upon
the sine wave showa, In addition, these waves can be imagined to be
~elther linear into the paper or undulating in a similar fashion as that
indicated resulting in a three-dimensional series of hills and valleys
which contain a smaller version of the same. For the fine surfaces under
considexaticn (h = 0.5 to 20 microinchesy, the average asperity angle

(® will seldom exceed 4 degrees, and aharp lapping scratches @o not have

3lope angles much greater thau 10 degrees.

Various averages have been computed from the equations shown in Fig. 11
for a number of regular geometric wave forms (Fig. 12). These factors
may be used to estimate the variations between surfaces and the possible

effects on leakage performance.

The remaining surface defects important to valve seating are nodules and
scratches. (Localized pits, do rot increasc leakage and are not con-
sidered.) Geometric interpretations of these defects may be obtained by
the same parameters defining roughness (h and @) in addition to a density
factor vhich relates the percentage area of these defectis to the total

area.

MODEL SURFACE DEFORMATIONS
The deformation of simplified model surfaces is based ou the szsumption

of total elasticity of the interfacial contacts and substrata with uni-
form unit loading over the seating land. The nominal plastic deformations
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that take place in real contacts will be neglected as contributing little
to the load required to effect a shutoff. Each model cefect will be
treated separately, and it is assumed that loads may be superimposed to
arrive at a final solution, Therefore, the load to depress nodules into
the waviness will be added to the load required to flatten waviness which
in turn will be added to the load necessary for compressing the roughness
component. No simple analysis exists which describes the characteristics
of scratches or shallow vee grooves in a compressed surface; therefore,
the results of model tests must be reviewed to arrive at some quantitative
evaluation. It is additionally assumed that the deformations of one de-
fect do not affect another. This is not actually the case because all
defects are an integral part of the surface. However, the incurred
error is assumed negligible because the relative stiffness of nodule

tips or wave crests is generally small compared with the substrata. This
assumption becomes increasingly invalid as the protuberance spreads out

and approaches the general plane comprised of the average roughness.

Analysis of the deformations is based upon Hertz equations for curvi-
linear contacts. These equations have been reduced to a relatively
simple form in Roark (Ref. 27) for a variety of singular contacts. In-
cluded are sphere on plate, sphere on sphere, cylinder on plate, cylinder
on cylinder, cylinders crossed at right angles, etc. From these geomet-
rical shapes and the previous data on model surfaces, a variety of models
may be set up for analysis. The primary difference between each of these
configurations is the spring rate, or the load to achieve a given deflec-
tion, and the load that the contact can support before plastic flow re-
sults. For example, the sphere on sphere is considerably more deformable

than the cylinder on cylinder.

Deformation of Waviness and Roughness

Consideration of the various types of surfaces fabricated in the test
program resulting from grinding, lapping, and polishing has indicated

that the most likely model configuration is one which is multidirectional.
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Real surface contacts consist of combinations of crossed ridges and con-
tacting spherical protuberances or nodules, interlaced with scratches,

A loose abrasive lapped surface of general matte appearance has an ex-
tremely nodular structure, generally termed homogenous or multidirectional,
which is interspersed with numerous nicks and scratches laying below the
gencral terrain. The diamond lapped surface generally has a definite lay
either unidirectional or criss-croesed. Tle lay characteristic is caused
by the scratches which have raised ridges along their lips or edges. Even
in unidirectional diamond lapping these scratches criss-cross each other

in angles of a few degrees, thus breaking ridge continuity.

From these observations and those noted in the literature (see Surface
Studies), the model selected for analysis and data correlation is the
sinusoidal surface in one direction mating with a similar surface rotated
90 degrees. The result is a multiplicity of crossed-rods contacts. This
model has the advantage that the wave lengths and heights of each surface
may be varied independently without destroying the model concept; also,

resultant deflections are very near that obtained for spherical contacts.

0f primary concern is what happens to the displaced metal as the surfaces
are loaded. Under an elastic condition, a change in volume of the stressed
members will occur, and one assumption might be that ihe depressed metal
simply disappears. It is more likely that for the extremely shallow hills
and valleysn of most seating surfaces, the valleys rise as the hills are

depressed.

A second consideration is that as the surface asperities are compressed,
a point is eventually reached when the assumed wmodel is not the con-
trolling characteristic, and deformation has rendered the model invalid,
Thie transition is gradual and will tend to cause a general stiffening

of the aurface so that more load will be required to decrease .eakage
than the analysis predicts. However, the primary objective of the analy-
#is iz to place the controlling variables in proper perspective with test
data used to establish & reference datum. After a better understanding
of the real situation is achieved, a more sophisticated analysis will

undoubtedly provide improved correlation.

i
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The variation of the average lcakage path (hc) with load (or gross zeat

siress) can be established from Fig. 13,

The approach of the two sinusoidal surfaces shown (Fig. 13) is approxi-
mated by the Hertz equation for the deformation of two cylinders modified
by a factor € which may be assumed to vary from 1l to 2, If € = 1, ihe
displaced material is assumed to disappear into the surface. If € = 2,
the valleys are assumed to rise in proportion to the deformation of the

peaks., The deformation in terms of the periodic surfaces slrwn 1s

2 1/3
S 2 2
6 - 2 5 (hlJ\2 +h2xl)
a
where
F
S = DL
8
and
a = elastic constant for two contacting surfaces, psi
E1 E2
a = : + -
2 2
1 - U1 1 - V2
C = function of A and h
Dq = mean seat diameter, inches
E = elastic modulus, psi
F = +total seat load, pounds
h = peak-to-valley height, inches
L = seat land width, inches
S = apparent contact stress (also equal to individual contact
load divided by Xl x Rg), psi
6 = contact deformation defined by the approach of points
remote irom the contact, inches
V = Poisson rutio

31



Figure 13. Sinusoidal Model Surfaces
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The maximum scat load, or apparent atress, is based upon metal failure
from subsurface shear which is assumed cqual to one-hall the yield
strength of the material in normal tension. The maximum ehear stress
is equal to one-third the maximum contact stress. Relating these terms
resalis in an expression for maximum apparent stress based on geometry

and yield strength

3 a2>\3>\,3
S I oal2 gy 1 2
m 4 2 2 2
(Xl h2+ )\2 hl)
where
Fm
Sm T TDL
8
and
Aand B = functions of A and h
Fm = maximum seat load, pounds
Sm = maximum apparent contact stress, psi
Y = yield strength, psi
(o4 = c¢lastic constant for two contacting surfaces, l/psi
2 1 2
&=1-v1 ) —VQ—_
.hl L2
Vaiues of Variables A, B, and C
5" — :
kl/h1 |
A /by 1 2 3 4 6 10
A 0.91 1.2 }.4 1.5 1.8 2.2
B 1 0.63 .48 0.40 0.31 0,22
C 2.08 2.0 2.0 1.9 1.8 1.6




Combining the deformation equation with the relation for the averaged
heights (heL and heM) results in an expression relating the apparent
seat stress to the equivelent leakage path in terms of the surface

microgeometry and material properties. The general expression is
H = X (#-¢8)
vhere

H = h, +h

1 2
M = either the laminar or molecular factors of Fig. 12

Simplification for ldentical Surfaces. The previous equations have been

derived so that surfaces of different roughiess and wave lengths may be
evaluated. Where the two seating surfaces differ appreciably, the de-
flections must be computed from these equations. In general, however,
the techniques used to firish a poppet are also used on the seai, and
the resulting surfaces are guite similar, if not identical. Consider-
able mathematical simplification of the previous equationa is afforded
if the two surfaces are treated as identical. In most cases, nominal
differences can be simply uveraged. Assuming € = 3/2 (valleys rise 1/2

the peak deformation) the equatione are reduced as follows:
| 1/% 1/3

Py

5 (3_60123 >‘N (45«232113\

~ 2Zh H
® = D U ¥

23
S w 0.2 a" Y

=T g

H . = 0.68 (H-%O) = 1.3 (b - < 8)

a=p

el

Foy =061 (8-208) 1.2 (h-48)

eM
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The flattening stress (sf) may be obtained by letting 8 = 4/3 h; H is
zero, and theoretically, leakage is zero. Although flattening stress iz
only hypothetical (because of other surface defects), it results in a
valuable criterion of surface deformability. The flattening stress for

the assumed model is

. 0.257 8
Sf B (4]

which indicates that for any elastic material, the apparent stress to
achieve a given deformation is dependent upon only the average asperity
angle. The analogy of the corrugated tin roof helps visualize this re-
lation. It is apparent that increasing the number of corrugations per

foot will increase the stiffness of the structure and vice versa,

The relative importance between waviness and roughness can be obtained
by computing the ratic of the waviness to roughness flattening loads;

therefore,

f o
_» v
sf‘i'
r

r

In most cases, the roughness will not be flattened; therefore, the above

criterion should be determined using the actua. apparent stress applied.

Deformation of Nodules

The treatment of nodular deformations is the seme as for roughness ex-
cept for the introduction of a density function (B8) and a slightly

different model assumption. Because most nodular contacts are more



round than elongated and quite larger than the opposing roughness, the
assumed model is a sphere on flav plate. Referring to Fig. 14, the de-

rived equations are

B =
n
1/3
18a°s 2 h>°
6 - 71‘11 2!1
b ¥
Y
3
< . 1.15251(
B &
n
0.23 8 @
S = &
“r n

"It 8 = 1, these equations represent a flat surface contacting a surface

. comprised entirely of spherical caps. Ratios of these eqﬁations with

those of the previous models for surfaces of equal height and wave-

«  length give tue following results:

6 \1/’3 _
n __' 18 ‘ N Fe
t - (&.5/ = 1.6
Sm

n 1.1

s - oax - 2
- .

‘Sf

n o 0.236 - 0.92

S:f 0.257 teT

These ratios indicate that the nodular surface is not only more compliant
than the crussed rods model but iz also more capable of supporting a

- give: load elastically. The lead to flatten is nearly the same for both
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Figure 1h.

Model of Hemispherical Nodule
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modela. The reason for the greater compliance and strength of the en-
tirely nodular surface is because it is not sinusoidal; therefore, it

has more effective contact area per wavelength ()).

Qf primary concern in this analysis is the flattening stress because, in
most cases, fully separated seat leakage would be quite high. As with
waviness, the ratic of nodule-to-roughness flattening stresses will allow

an cstimation of the relative importance of nodules

S
S, L
Y r

If the seat load is ipsufficient to flailcn nedules, the equivalent
height may be approximated by adding the nodular space to the equivalent
ﬁeights for the asperities of both surfaces; therefore, the general ex- |
pression is : i
B, = b - bn +MH i

The load to fletten nodules or waviness subtracts from the total load so |

the roughness deformatioa expression is modified accordingly
- -1/3
. 3 ") 2
36 o b s-s_ -5s)

| &

STRESS ~-LEAKAGE EQUATIONS

The deformation and leakage flow equations previously developed way be
combined to obtain a composite equation relating &ll of the knowr vari-
ables. While such an expression is exceedingly cumbersome and is better
"handled in parts, it does allow at one viewving a consideration of all

variables.



Assumptions

The assumptions leading to the final equations are as follows:

fomd
-

Leakage flow is described by the laminar and molecular flow
equations for parallel plates. Total flow is the sum of molec-

ular and laminar flow.

3=

Appropriately weighted averaging fartors may be used to obtain
equivalent parallel plate heights for calculating leakage.

3. Seat load is uniformly applied and is uniformly distributed

across the seat land (L).

4. Mating surfaces are sinusoidal in one direction, crouss-layed at
90 degrees, and have the same peak-to-valley height and wave

length (there are no superimposed nodules or wavinees).

5. Surface deformation equations are valid vp to 3/2 of the yield

strength based on Vicker's hardness tests.

6. Hertz theory is valid for peak deformation to define the de-

creese in h up to some value to be determined by test.

Stress-leakage Equations

V.42 a° YO

1/3

s _f h50’s? 33::>
&

0.68 (H - 3/2 8)

=
it

el
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For

L}

Hy = 0.61 (H - 3/20)

H =h,1+h

2
7D H 3(P2—P2)
s eL 1 2
9, 24 u L RT
| P
NOTE: RT? = =
: p
2 ;

RT
[y [
Q = = = e
P P
14.7 psia
70F = 530 R

32.2 ft/sec® = 1.39 x 10° in./min2

~ 3 2 2
. - 4ﬂ71 D H (P1 - P,%)
L u LT '

5 . 2
1.4%7x 10 P’ ueM” (p

-P)
“ - L ~——2 v/%g

Q =‘,Q‘L+ QH | -




Composite Equation

.71 D (P2 -22 3
@« ——tp— [p@-en] .

207 T o]

1.42 x 10°

PARAMETRIC STRESS-LEAKAGE JATA

Parametric data have been computed from the previous equations in support
of the experimental test program. The poppet and seat model design is
shown in Fig. 15 with appropriate dimensions. Test and configuration con-
stants and parameterized variables are summarized below with the reduced

equations.

Test_and Configuration Constants

The test and configuration constants are as follows:

Inlet pressure, P, = 1015 psia

1

Outlet Pressure, P, = 14.7 psia

2
Gas temperature, T = 70 F = 530 R

Gas constant, R = 663 in./R (nitrogen)

11

Gas viscosity, p= 4.4 x 10 lb—min/in.2 (nitrogen)

Mean seat diameter, D§ = 0.470 inch

Seat land width, L = 0.03 inch
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«-Figure 15. Typical 1/2-Isch Poppet and Seat Model
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Reduced Equations for 1/2-Inch Model Seat

The reduced equaticns are as follows:

A 15
L 2 - -
QL = 3.20 x 10 HeL
9 2
= 2.1
QM 49 x 10 HeM
1/3
i (x4 [~ i 2 ~2 3 ’-]
Q@ = 3.26x10" 1.3 | n-2 (3(’“5 )
L 4 ¢?
L ad
- 1/3
2 .2 .3 ]
o = 2.49 x 10° {1.22 b (3(’“ 5 _h ) }
, L o2 _
Q = QL+ QM
Material Parameters
The following lists the material parameters.
| - Vickers Yield
Huardness | Strength Elastic Elastic
Numbeg Criterion, Constant,* Modulus,
Material kg, 'mm psi 1/psi psi
5440C 6 6
Stainless Gteel 800 610,000 | 0.0607 x 10 30 x 10
6061-T651 -6 6
Aluminum 123 93,800 1 0.182 x 10 10 x 10
Tungsten -6 6
Carbide 1330 1,000,006 | 0.0202 x 10 90 x 10

*Poisson's ratio, V T 0.3
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Surface Profile Parameters

The surface profile parameters are:

1. Peak-to-valley height for cne surface (second surface identical),
h=11.5,2 3, 45, 6, 9, 12 and 10 x l0-6 inches

NOTE: These h values correspond to approxi-
mate AA value= of 1/3, 1/2, 2/3, 1.0,
1.5, 2.0, 3.0, 4.0, and 6. 0 mlcrOanhes.
2. Average asperity angle, ® = 1/16, 1/4, 1 and 4 degreeg (must

be in radians for use in equations).

The parametric curves of leakage ve apparent seat stress are shown in
Fig. 16 through 18 for the constants and variables noted above. The
 curves cover a span of 10 acin for seat stress from 100 to 100,000 psi.
The basic parameter for eack family of curves is h (e.g., h = 1,0 micro-
inch) with variations of ¢ showing the span from typical waviness to
roughness. An evaluation of these curves shows the effect of h, ®, and
& on leakage. |

Interpreting the curves requires certain precautions and observations.
Multicycle log-log paper can be very misleading because of the great
span of data. For example, consider the scope of data in the first
cycle (100 to 1000 psi) in relationship with the second, then the third.
Also, the curves represent deformation of a uniform surface and not the
more complex mode) of knobs on knobs on knobe proposed by Archard (see
Surface Studies). The cffect of waviness superimposed on roughness (a
beginning of Archard's model) can be evaluated by subdbtracting the ap-
parent stress to flatten waviness from the total available apparent
stress to arrive at a final leakage value, To find the leakage of bioth
waviness and roughness when waviness is not eliminated, the waviness
leakage is added to the roughness leakage obiained at the 100-psi

(essentially zerc) stress level.
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Stress-leakage data for other test conditions and valve seat configura-
tions may be obtained by applying appropriate ratios of the variable
parameters to the governing equations. Because the total leakage de-
scribed by these curves is a combination of laminar and molecular flow,
the division of this flow must first be determined so that the ratios
may be applied separately to each term of the total flow equation

(Q = QL + QM)' Figure 19 plots the ratios of QM/Q and QL/Q in percent
for the parametric data curves of Fig. 16 through 18; i.e., for the

specific model at a 1000-psig inlet pressure.




Stress-leakage data for other test conditions and valve seat configura-
tions may be obtained by applying appropriate ratios of the variable
parameters to the governing equations. Because the total leakage de-
scribed by these curves is a combination of laminar and molecular flow,
the division of this flow must first be determined so that the ratios
may be applied separately to each term of the total flow equation

(Q = Q + QM). Figure 19 plots the ratios of QM/Q and QL/Q in percent
for the parametric data curves of Fig. 16 through 18; i.e., for the

specific model at a 1000-psig inlet pressure.
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NOMENCLATURE

a = elastic constant for two contacting surfaces, psi

AA = arithmetic average, microinches

Aand B = functions of h and A in Sm equation

C = function of h and A in 6 equation

d = nodule base diameter, inches

Ds = mean seat diameter, inches

E =  elastic modulus, psi

F = total seat load, pounds

g = gravitational acceleration,in./min2

h = average peak-to-valley height for one surface, inches

he = eguivalen# parallel plate height for one'surface
(1.e., weighted peak-to-valley height), inches

H = average peak-to-valley height for two contacting
surfaces, inches

He = weighted peak-to-valley height for two contacting
surfaces, inches

L = seat land width, inches

M = laminar or molecular weighting factor

P =  pressure, psia

Q = flow, scim

R = gas constant, in./R

S =  total apparent seat stress, psi

Sf =  apparent seat stress to flatten, psi

Sm = apparent seat stress to surface yield, psi

T =  temperature, R

Y = surface yield strength, psi
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Greek Symbols:

Q& = elastic constant for two contacting surfaces, l/psi
B = nodule density function

8 = surface deformation, inches

€ = surface deformation factor

A = average asperity wave length, inches

B = viscosity, lb-min/in.2

V = Poisson's ratio

p = density, 1b/in.3

® - average asperity slope, radians

w = weight flowrate, lb/min

Subscripts:

1 = inlet conditions or surface (1)

2 = outlet conditions or surface (2)

L = 1laminar factor or flow

M = molecular factor or flow

n = nodule

r = roughness

8 = standard conditions of temperature and pressure, i.e., 70 F and
14.7 psia

W = waviness
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DESIGN, FABRICATION,AND DEVELOPMENT OF
TEST FIXTURE AND MODELS

The definition of the development effort following the Survey Phase out-
lined the general requirements for a test fixture and facility to pro-
vide test data on valve seating. The design of a test fixture for ex-
periuental model evaluation posed some formidable problems because in
addition to the capability for precise measurement of various test
parameters, the tester should not influence the data. Primarily, the
tester was to provide information on poppet and seat forces in the near-
seated and seated positions, leakage flow as a function of inlet pressure,
and seat position and load for flat, metal-to-metal poppets and seats.
However, testing of conical and spherical-shaped metal models was con-
sidered in the design as well as a capability for cycle testing to eval-

uate the effects of dynamic loading.

An analysis of test capabilities led to the model hardware definition

outlined in Table 6 and the test fixture requirements.

TEST FIXTURE REQUIREMENTS

Test fluid Helium, nitrogen, and argon at 70 F

Seat inlet pressure 0 to 1500 psig; measurement accuracy
+2-1/2 percent

Seat loading 0 to 3000 pounds based on 0.500-inch
diameter seat, 0.030-inch land width,
and 60,000-psi seat stress with 5 per-
cent measurement accuracy

Model position control 20-microinch parallelism total over a
1.0-inch diameter between poppet and
seat mating faces; linear poppet-to-
seat gap control from contact to
0.001 inch and detection of 5-microinch
change

Leakage measurement 1072 scim to 10 scim

Preceding Page Blank » 103
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Cycling Approximately 1000 cycle: per seat;
impact levels to be established
by test

Testl models Poppet and seats to be readily changed
without impairing positional accursacy

DESIGN

Figures 20 through 23 are detail drawings of the test fixture and models

used during the program,

Seat-Loading

The first design feature to be¢ established was that the poppet be loaded
by a pneumatically‘pressuriied piston, The primary advantages of such a
method are simplicity and cleanliness of the system, evailability of
high-pressure gases and necessary control components, and ease of con-

trol for static and dynamic testing.

Selection of the pisten size represented a compromise influenced by such
considerations as reasonable pressurization levels required to preduce
sufficient stress in the model seat land and & high length-to-diameter
(L/D) ratio to minimize poppet-to-seat parallelism deviation. A nominal
niston diameter of 1.5 inches (loading area of 1.767 sq in.) was selected
in conjunction with a 0.0001 to 0.0002-inch piston-bore diametral clear-
ance and an L/D ratio of approximately 5. Assuming 2000 psig as a mini-
mum bottle supply pressure, the resultant maximum seat load is 3530
pounds corresguomiing to a seat stress for the 0,590-inch 0D, 0.03-iunch
land width seat of 80,000 psi.

The piston size basically dictated the dimensions of the balance of the
tester resulting in a unit weighing approximately 50 pounds permitting

reasonable handling ease.
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§eat Load Measurement

An accurate measurement of model seat loading was one of the prime test
parameters and of sufficient importance to warrant dual verification

methods. The precisely controlled piston diameter in conjunction with
precision (0.1 percent of full scale) Yecise pressure gages provided the
first and most simple means of load measurement. In the low, sensitive
load region using a precision 100-psi gage, load accuracy of less than
0.2 pound may be realized. Therefore, the lowest load which could be

controlled within the desired 5-percent accuracy was 0.177/0.05 or 3.5

pounds,

The second method used for load measurement was a system of strain gages
arranged to form load cells. A three-cell system mounted directly on
the model test piston was used to (1) eliminate errors resulting from
friction and side lcads from intermediate members, (2) provide a three-
point mounting which would eliiinate errors from locating points devi-
ating from a true plane, and (3) allow an analysis of eccentric loads
created by nonuniform seat loading. Item 3 originates predominately
from the lcading of nonparallel seating surfaces but also from possible
nonuniform distribution of the seat inlet pressure. To provide allow-
ance for nonparallel seating and cycling impacts, each cell had to be
capable of taking a 3000-pound load.

Several systems were studied ranging from commercial units mounted ex-
ternally with interchangeeble elements for different ranges to a custom
design vhich would cover the entire range. The latter used either
piezoresistive or conventional resistive strain gages to be mounted
directly on cells machined as part of the piston, each cell being capable
of covering the entire range. All systems required an electrical ampli-
fier and readont method of high gain and stability. The piezoresistive
method had the advantage of bigh sensitivity and output directly from

the sensing element which eliminated much electronic equipment. Its
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Figure 20, Valve Poppet and Seat Model
Tester Assembly

(Drawing No. 99-556526)
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disadvantage, however, was extreme sensitivity to temperature changes at
low sirain levels where temperature variations may be caused either by

external sources or sclf-heating. The result is an apparent chauge in

load and unstable output,

The conventional strain gage aystem is less sensitive 1o temperature
variations and has a well established history of application and use.
Its low ocutput, however, requires a high-gair amplifier with associsated
problems in stability and reliability. As both systems possessed de-
sirable features, a parallel effoi¢ was unaertaken with the results of

development testing to dictate firai choice,

The conventional or resistive system used & Baldwin-Lima-Hamilton type
SR-4 etched constantan foil strain gage (P/N FABX-12-12). This unit
consisted of two identical gages with strain axes 90 degrees opposed,
one mounted directly on the other with a bakelite backing. Each piston
leg (icad cell) would use four of these gages mounted with one element
of each parallel and tie other perpendicular to the piston centerline.
This provided four active clements wired in series to amplify input
strain with four dummy eiements providing temperature compensation.
Each load cell comprised the active leg of a bridge circuit, used a
separate amplifier, and through suitable switching, the output would

be individually displayed on a direct-inking chart recorder.
y

The piezoresistive system to be evaluated was manufactured by
Micrcsystems, Inc., and used a matched set of temperature-compensated
gages (P/N DC6A7-16-350) for each load cell. The gages, also wired in
a bridge circuit, were high-ontput units requiring no intermediate

amplification, and therefore, could be fed directly into the recorder.

Position Centrol

The precise control of test model displacement (gap) and relationship

of poppet and seat alignment and parallelism was considered paramount if
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accurate, repeatable data were to be obtained. Consequently, this aspect

of the test fixuvure received considerable design and development effort,

Piston Centering. A hydraulic system for centering the piston in the

body during testing was derigned to eliminate friction and rigidly sup-
port the piston. The desig: was based on the phenomenon of the radial
force acting on a piston with axial hydraulic flow through the clearance
between piston and cylinder. 1t can be shown that with flow through a
* diverging or convering clearance of an eccentric piston, an asymmetrical
pressure distribution is set up which will develop a radial force acting
to either force the piston against the cylinder or center it in the cyl-
inder. The former often produces, in piston-type control valves, a
condition called "hydraulic lock," while the latter case 1s used in this

design to float the piston in the body.

The relationship (Fig. 24) among radial force, hydraulic pressure, and

piston-cylinder dimensions are defined in Ref. 28 as follows:

C
[‘— '1)" D AP
WT + T

where
D = cylinder diameter
Fc = radial force on piston distributed over length of taper as
large end of taper just contacts wall of cylinder
L = length of taper
AP = pressurc difference between ends of taper
T diametrul taper of piston

ciametral clearance at large end of taper
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172 DIAMETRAL TAPER
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Figure 24,

Piston Centering Force Diagram (Blackburn)
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For a given pressure differential acting on a particular piston, the
centering force increases with larger tapers to a maximum at T equals

to approximately 0.9 and then slowly drops off (Fig. 24). It was hypoth-
esized that with this design, the location of Fc occurs at approximately

1/2 L when 7 1s such as to give maximum FC.

This principal was applied to the tester assembly by incorporating two
identical tapers on the piston to produce a pair of centering forces

which would provide a restoring moment to any eccentricity developed in
poppet to seat loading. The taper to clearance ratio (T) was kept necar

1.0 by using the following approach:

l. Clearance between piston and cylinder was established at a
minimum consistent with current lapping practices for this size

piston (1.500-inch diameter x 6.0 inch length).

2. As the small degree of tapering necessary could only be accom-
plished by a more or less '"cut-and-try" hand lapping process,
tolerances were establigshed to provide a minimum taper. This
provided allowances for subsequent modificatien without a great

sacrifice in centering capability.

The final design resulted in a piston-to-cylinder clearance of 0.0001 to
0.0002 inch and a diametral taper of 0.0001 to 0.0002 inch, The re-

sultant lateral forces are computed as follows:

0.0001

Tmin = 0.0002 - 92
; _0.0002 _ L,

max 0.0001

F - 7x1.5xA4ApP 2+ T

c y v[_"‘_"_??
LT+ 7T
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-~ o \
' ("=0.9) rrexoy/ —_.2:09 Ap
oax k‘/ft x 0,9 4 0!9! )
w 0.1 x AP
“ (for T =0.5) «0.39 x Ap

v (for T = 2.0) = 0.36 x AP
cm,in

Dirtance be‘ween the tipers was fixed ut 2.50 inches so
I,ngr.,"‘r the svailable centering moment is

that for mini-

M « 2,51 Fc = 2.50 x 0.36 A p

The maxir'w decenteriug force loading the piston against the cylinder
bore is developed wiuen the maximus available load (3000 pounds) is con-

" scrtrvtea on une edge of the (0.500-inck diameter) test seat, Therefore,
- th required moment jis

- (S

W

M = 3000 <°_2M)- 750 in.-1b

The hydraulic film pressure (A P) required to Provide piston centering
is then: |

750 .
AP - 2.50 x 0,36 = 830 psi

This could easily be provided from a pneumatically pressurigzed hydraulic
supply.
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The hydraulic fluid chosen was SAE 70 lubricating oil, which has rela-
tively high viscosity (2000 centipoise) for low leakuge, maxioum vis-

cosity permitting fine filtration, and good lubricating qualities.

Leakage would be controlled by the piston-to-cyiinder clearance as the
"no-friction" requirement did not allow conventional seals. The double
taper scheme includes feur lands across which leakage is produced be-

cause of the film pressure. ¥rom Blackburn, hydraulic leakage is

7D b [1 " 1.5(%)3 j Ap

e = . 12 uL
where
b = radial clearance, (0.0001 inch
D = piston diameter, 1.5 inches
L = 1length of seal land, 0.25 inch

AP = pressure drop across the seal land, 1200 psi

leakage, in,3/sec

Q =
€ = eccentricity of piston to cylinder, 0.0001 iuch
B = fluid viscosity (2000 centipoise = 2000 x 1.45 x 10™'

lb-sec/sq in.)

Therefore, for four lands all at maximum eccentricity pressurized to
1200 psi and using SAE 70 oil, the leakage (Q) is 0.38 cc/hr. The pres-
surized supply tank was designed to provide approximately 100 cc of oil
over ullage requirements whick would allow 50 or more hours of operation

at maximum pressure.

It was recognized that the SAE 70 vii would probably not. allow impact
or cycling frequencies high enough to provide a good range of test data.
The hydraulic fluid would be changed at the time of test to a lower

viscosity oil or air to provide faster piston travel.
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Position Measuremerit. Establishing and weasuring the poppet-to-seat gap

and related factors such as parallelism and i1latness that have a direct
bearing on its affect upon flow was expected to be one of the most diffi-
cult tasks in the test program. The requircd measurement accuracy was
largely determined by the type of test invo'ved, However, the tester
was designed to provide measurements of the vertical wmovements of the
poppet and seat seating surfaces relative to a reference plane that were
accurate to 15 microinches., This was accomplished by the use cof a Merz
electronic height indicator mounted on the same aurface as the tester
which takes readings directly from reference surfaces precision lapped
on the test poppets and seats. For the test poppet, the reference eur-
face is the back face which bears on the load cells, and for the test
seat, it is a land outside the seating area which is lapped to become a
continuation of the seating surface. Acceas to these reference surfaces
on the poppets and seats is made through obeninga on opposite sides of
the tester. Height readings may be taken with pressure and load cither
on or off, permitting maximum accuracy through the continual monitoring
of dimensisual change. The parallel relationship of the test poppet and
seat in the tester was accomplished by mounting the poppet directly on
the load cells and the seat directly on the base plate which is main-
tained in intimate contact with the base of the body. Parallelism de-
viations of the seating surfaces then are & function of parallelism of
the model test poppeit and seat seating surface to locating surface planes
~ and the tester body base to load cell locating surface. Tolerances es-~
tablished for critical details hold parallelism to 34 microinches maximum

over a 1.0-inch seat diameter.

Clearance between piston and bore (0.0001 to 0.0002-inch diametral), under
-gero film pressure conditions, permits a waximum theoretical cocking of
36 microinches across the 1.0-inch diameter seat which results (at zero

load) in A& maximum deviation from parallel of 70 microinches.
A further aid to the establishmeny of an accurate reference of &ctual

ceat positicn was provided through an electrical contact. An aluminum

oxide coating on the piston and insulating spacers between the flexure
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and poppet yrovided electrical insulation between the test poppet and
test seat. A siall wire was attached to the test poppet and was con-
tained as part of the load cell cable. A circuit composed of a flash-
light battery, high resistance, and microammeter was used to give an

indication of electrical contact,

Vertical deflections of the body under load are of no concern because
scal-to-poppet location is referenced to the base plate and symmetry of
cross section is maintained to eliminate bending. Deflection of the
base plate occurs as bending with the application of poppet loads.
Rigid bolting to the body and the 1.72-inch thickueys limii the bending
at the 3000-pound load level to approximately 15 microinches. This is
an insignificant amount when considered as a distortion of the base
tending to raise the edges by this amount but not changing the basic

relerence dimension between the bottom ol the plate and the test seat.

The four base plate to body bYolis were torqued to 150 in.-1b which pro-
duced approximately 2000 pounds preload per bolt. This represented over
2-1/2 times the 3000-pound potential load to prevent plate-to-body

separation.

Cencentricity and Antirotation. When 1eplacing the test poppet or seat
after i1uspection or for cleaning, the angular and radial relationship of
the parts must be unchanged so that duplicate test conditions may be
observed, To achieve this control, the test poppets were provided with
a V-groove which was located to the piston through a retaining ring with
a set screw, The piston, in turn, was oriented to the tester body
through the retaining ring with a flexure device which prevented rotary
wotion while offering insignificent axisl force. The test seats and
tester body base were witness warked permitting orientation within

0.003 inch at the 1.5-inch OD. Concentricity and clearances of the
fixture details were controlled to maintain less than a 0.003-inch total

eccentricity between the seating diameters.

119




Cy Cliil&

Dynamic loading and cycling of test poppets (nd secats may be accomplished
by the pneumatic piston pressurizing system. Control pressur-e applied to
the piston provides the closing force with impact levels dependent on the
viscosity of the hydraulic film centering fluid and the rate of applica-
tion ef control pressure. Upening is provided by venting the control
pressure while mainlaining a positive pressure in the poppev cavity.
Test fixture provisions for dynamic testing were: (1) provision for a
0.250-inch stiorke in the piston and flexure, (2) rigid clamping of the
load cells to the test poppet to prevent, fretting, (3) a rigid base plate
and heavy bolts to the body to prevent flange separation upon impac*,

" (4) lightweight clamps between test poppet, fiexure, and load cell to
| :minimize inertia Joads into the load cells, (5) strain gage wiring and
| cable construction to withstand impact and abrasion, and {6) cavity

ciesure to withstand a 50-psig pressure,

A‘antaminatioanqntrol

Potential problems arising from contamination are primarily a result of
the introduction of foreign particles into close~fitting clearances or
‘ mating surfaces, This causes misalignment of critical surfaces, friction
‘@und possibly galling between the piston and body, and scratches, pits,

" and deformation iu test seating surfaces. The main sources of contamina-
tion are the assembly area, test fluid, pressucizing containers, and
';plumbing. Ciean 109w practice and rigid assembly disciplines were the
t_only control for the first problem area while 2-microu filters were
placned for fluid control. (Subsequent test problems necessitated the
use of 1/2-micron absolute filtraution for test seat gas and film pres-
"surant systems.) A further aid to cleanliness was the use of easily

cleaned metal-to-metal seal and tubing betweeu filter and tester.

<0
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FABRICATION AND DIMENS1ONAL CHECK

The critical details of the tester which control test data accuracy are
the body, piston load cell assembly, and model test poppets and seats.
The full potential of the tester can be used only if the critical dimen-
sions and cuaracteristics of these details are considered in the assem-
bly and test procedure. Following is a summary of the fabrication and

checking of those items which determine the capabilities of the tester.

_Bodx

Critical body bore and basc dimensio.s affect the precision with vhich
the test poppels and seats are held in alignment. Final sizing of the
bore was accomplished with a cylindrical lap which was lionger than the
body to develop scraightness. Its diameter was checked with a Sheffield
air gauge by comparing the body vwith a standurd test piece having a bore
size known within 5 microinches. The completecd bore diameter was
1.500120 inches throughout the center section with the end opposite the
ioad cells (top) 40 -icroinches greater, tapering for a 0.7-inch length
to the first relief groove. The load cell end of the body was 20 micro-

inches larger than the center.

Checking for roundness was conducted with the Sheffield air gauge and
supplemented later with a Merz electronic indicator when checking nor-
wmality of the bore with respect to the base. N¢ deviagtion from round-
negss could be found so it is assumed that any deviation from a true
cylinder was lesgs than 10 microinches, the estimated accuracy of

measurement.

Straightness of the bore was checked with a mandrel and later by air
bearing performance using the tester piston. The mandrel was chrome
plated, ground, and cylindrically roll and ring lapped to provide less

than 20 microinches of clearance with the bore. Lubricated with lanolin,




the body would drop over this mandrel under its own weight with no ob-
served tendency to drag or interfere as the end of the mandrel passed
over the shoulders alcng the bore. This performance was checked with
the mandrel rotated to five or more different positions relative to

the body.

Surface finish of the bore was not checked accurately, but may be as-

sumed to be on the order of 4 microinches AA.

The base of the body was checked for flatness and normality to the bore
by the use of an optical flat and the Proficorder, a recording stylus

instrument, in conjunction with the Merz height indicator.

Flatness checks of the base showed a concave condition with the center
approximately 6 microiuches lower than the edge, and over-all flatness
within this. Normality of the base was checked by rotating the body on
the Proficorder, base up, and simultaneously indicating base and a 5-inch
length of the bore. Multiple setups to verify repeatable accuracy of
readings showed an average normality deviation of 10 microinches in 5

idches (Fig. 20 requirement was 50 microinches in 5 inches).

Piston

Finishing of the piston to the required tolerances presented problems
originating with the extremely hard aluminum oxide coating on the 0D and
the relatively small surfaces on the cell locating pads which required
the minimum dimensional error. Sizing of the 0D was the first step and
was accomplished by cylindrical grinding and then roll lapping. After
grinding the 0D for approximately one-half of the length, the part was
reversed for the remainder of thc operation to provide maximum rigidity
and allow grinding the end faces of the load cells. Roll lapping with
rolls longer than the part improved surface finish, siraightness, and

over-all taper characteristics. The 0.0002- x 1.5-inch-long film
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centering tapers were hand lapped using diamond compound with a stick
lap. Control of the runout of the taper at the 0D was maintained by

masking the 0D. Checking this runout after completion to within 0.010
inch alvag the length was no problem because the difference in surface

appearance between roll and stick lapping provided a distinct line.

Measurement of all diameters and tapers for size and uniformity was
conducted with a Johansson Mikrokator,and inspection of roundness and
over-all straightness was accomplished with the Proficorder. The three
load cell end faces were simultaneously finished by hand lapping to pro-~
duce flatness of the individual faces and approximately a 4-microinch

AA surface finish. An optical flat showed individual flatness (to within
approximately 0.001 inch of. the edges) to be within %4 microinches and

all points to be within 20 microinches of a common plane,

Checking the normality of the common plane established by the load cell
end faces with respect to the 0D was done with the Proficorder. The
piston was set load cells down on an optical flat which was placed on
the Proficorder turntabie for measurement. Inspection traces were then
made at various points along the piston 0D and tapers. These records
indicated surface profile (deviation from roundness), straightness
(centerline deviation from a straight line), normality (centerline de-
viation from perpendicular with respect to the common plane established
by the load cell end faces), and orientation of the centerline deviation
angle with respect to the individual cells (which cell was long or short
to produce the deviation from perpendicular). Several measurements were

made to verify the results and indicated the following:

Roundness. Maximum deviation from a true circle was 20 microinches with
a profile of a wavy nature having hills and val)leys running parallel to
the axis. Average distance between hills (measured around the circum-
ference) was approximately 0.13 inch at earch end with the center section

of more random nature but predominately abont 0.25 inch between hills.

8



Straightness. Maximum deviation of the centers of th- top, center, and

bottow dieweters from a straight line was 3 microinches.

Normality. Meximum deviation of the common centerline of the top, center,
and bottom diameters from perpendicular with respect to the load cell end
face plane was 10 microinches in 5 inches (Fig. 2C requirement was 50

microinches in 5 inches).

Orientation. Cell No. 3 was shorter than the others by approximately

< microinches, which is small in proportion to the surface profile de-

viations in the faces.

Additional traces taken at different pointe alung the film-centering
tapers indicated that stick lapping had iucreased the waviness character-
istic but had not developed any significant eccentricity. The uneven
profile did, however, while in test using a pressurized fluid film,

¢ ‘create an effective eccentricity in the tapered areas. Partial correc-
tion of this was made by relapping lands and tapers with ring-type laps
to improve roundness and increase the amount of the taper. The final
pre”ile resulted in lands round within 5 microinche¢s and taper round

to within 10 microinches. The top taper was 0.0006 to 0.0007 in 1.5
irches and the bottom taper 0.0010 in 1.38 inches with an additional
0.0005-inch reduction in the last 0.12 inch next t¢ the relief groove.

No evidence of eccentricity between lands, or tapers and lands greater

fued

than 10 microinches T.I.R. was noted. Final Mikrokator readings on the

land diameters indicated:

Bottow land (at load cells) = 1.499865 inches
Center land = 1.499935 inches

Top land = 1.499920 inches
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Poppet aud Seat Test Models

Test model poppet and seat details are shown in Fig. 21 through 23,
Figure 21 details the near-seua .ed test scat as used. Figures 22 and 23
represent blanks on which finished seating surfaccs (Table 0) were

prepared.

Part No. 99-556527-31 with a seating land 0.000-inch wide and 1.000-inch
0D iucorporated nine 0.005-inch-diameter holes for recording pressure
distribution throughout the seat area. Harduness of the material (440 C)
posed a drilling problem which was solved by the use of electrical dis-
charge (Elox) machining. The 0.005-inch diameter holes were done before
heat treat or other drilling with only the 0D semifinished and the drilled
face ground flat. Drills were 0.004-inch-diamcter brass wire rotated in
operation. Hole location was established by using a plastic sheet which
had been previously accurately drilled on a jig borer type setup using
conventional drills. The holes were drilled deeper than required on the
finished part to provide finish stock on the seat face and allow drilling
from the opposite side to establish the final 0.005-inch-diameter hole
length. After heat treat, the OD, ends, and seat proftile were ground to
provide hole locations accurate to within 0.00] inch of true position.
Hole diameters check 0.0051 %0.0003 inch (8 of 9 holes), and rounding

of the corners intersecting the seat does not exceed 0.0005 inch as

observed under the Lietz interference microscope.

DEVELOPMENT

Load Cells

A major development program was conducted to establish the load measure-
ment system best suited for the application. Model load cells were
fabricated using material identical to the poppet, ground to maintain
the same active crozs section, and tested using various arrangements of

semiconductor and conventional strain gages.
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Semiconductor Strain Gage. The scmiconductor strain gages evaluated

were supplied by Microsystems, Inc., and installed with the assistance

ol their engineering personnel. The installation considered most effec-
tive used a matched set of temperature-compensated gages (P/N DCOA7-16-350).
This provided four active elements (2 each on 2 oppesite faces) which were
wired to give, at no load, a nearly balanced Wheatstone bridge. Tempera-
ture compensation of this gage through a 100 F range is provided by using
active elements which have positive and negative gage factors. Changes

in length of the active section caused by temperature create no resistive
imbalance, while changes in length as a result of load essentialiy double
the change in individual element resistance as it is observed across the
bridge. Mounting pairs on opposite faces, and in the same plane as the

primary bending modes, tended to minimize the effects of bending loads.

The arrangement provided approximately a 10-millivolt output for a 30-
pound load when using a 6-volt battery for energizing and a potentiometer
“for exact balancing and zero adjustment. When applied directly to the
input of the recorder, this signal gave full-scale deflection correspond-
ing to a sensitivity of 0.3 pound per division (line) on the recorder
chart. High load capacity also was ensured because the 3000-pound de-
sign load for the cell strained the elements to Qpproximately one-third

of specified capacity.

load, was of the same magnitude as that created by the changes in tem-
perature resulting from self-heating at these low power levels. Small
changes, induced by load (application of 1 pound) or temperature changes
(a finger touching the loading face of the cell momentarily), created a
cyclic-type variation iu output which took 20 or 30 minutes to stabilize.
Instability under zero load conditions appeared to be worse than while
under load. An attempt was made to improve this condition by installing

a permanent resistor in series with one element, which would provide a
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wore nearly perfect balance under zero load, (Installing a compensating
shunt in the external circuit was also attempted, but with no significant
improvement.) Opening the bridge circuit and adding 8.8 ohms to the ini-
tial 350 ohme of one element was performed at Microsystems, Inc., which
produced a resistance balance within 1.0 ohm. Some improvement in per-

formance resulted, but was of a small order.

Some further improvement was gained by using an a-c energizing voltage

of 5 to 10 volts at 10 kilocycles. Cyclic instability was still present.
A typical test snowed tha: after application of a l-pound load, output
would drift to as much as 50 percent above and below the applied load,
eventually stabilizing after 15 or 20 minutes. Some cursory testing at
loads up to 30 pounds showed similar characteristics, but tv a lesser
degree. fhe need for a stable zero load reference in tester calibration
kept development of the semiconductor-type load cell concentrated in this
area. It appeared that further improvement in stability and drift char-
acteristics could unly be made by more sophisticated electronic circuitry
or an improved semiconductor sensing element. J1t was theorized that an
electrical system could be devised to maintain a constant current in
individual elements and eliminate variations in self-heating. The use

of an lmproved semiconductor was also suggested by Microsystems, Inc.
Either design, however, required more development time than was avail-
able for this program, so the semiconductor method was dropped in favor

of conventional strain gaging and appropriate additional equipment.

Conventiqnal Strain Gggg.

Preliminary. Details of the conventional strain gage arrangement

and wiring diegram are shown in Fig. 20. The units are attached to the
tester piston legs with a heat curing epoxy bond after initial lapping
of the piston OD, tapers, ané end faces. (Final piston lapping was
accomplished after installation checkout and calibration of the strain
gages.) During preliminary testing, hysteresis appeared to be a problem
but was virtually eliminated by curing the load cell epoxy bond for
2-1/2 days at 300 F,
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Converaion of load induced strains to sm electrical signal involved in-
corporation of the active strain gages as one leg of Wheatstene bridge
circuit and recording the change in resistance produced by a change in
load. Temperature changes anticipated in normal operation, however,
produced apparent strains on the same order of wmagnitude as the 1- to
2-pound load accuracy required in the low load range. This phenomenon
was moderated by the application of a regulated a-c voitage (10 volts,

3 kilocycles) as the reference vcltage across the Wheatstone bridge,
which produced a stabilizing power level around which the load coll
operated. Mechanical loads applied to the ce¢ll then produced a modulated
output which was amplified, demodulated, and the d-c signal fed into the
L&N Recorder to produce a load reading.

To maintain stability a Consolidated Electrodynamics Corp. (CEC) high-
frequency power supply was used for the 10-volt, 3-kilocycle reference
voltage, and a CEC 113-B system for amplification and demodulation of
the load cell output signal. The entire system, including the L&N

Recorder was powersd through a Sola 115-volt regulating transformer.

Load Calibration. Weigts (up to 100 pounds) were applied by means

of a sling, which applied the load through a steel pointer rounded to
approximately a 0.030-inch radius. A loading plate was made from 0.020-
inch-thick CRES sheet, using punch marks for loading points, which located
the sling pointer consistently within 0.010 inch of the center of any

cell loading face and distributed the load over approximately a 0.060-
inch diameter to prevent damage to the loading face. Test weighte were
checked on an Ohaus 5-pound-capacity balance having an accuracy of 0.001
pound, and 0.005 pound at 10 pounds. Maximum error in weight combira-
tions amounted to 0.060 pound in 100 pounds, or 0.06 percent of the
applied load.

Loading to 3000 pouade was performed on an Instren testing machine. As-

surance of load application was somewhat in question at loads below 2000

pounds because the center of load application of the Instron device was
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not known better than aspproximately 0.15 inch. This problem was eliminated
between 2009- and 3000-pound loads by using a 0.005-inch-thick bruss shim
on the cell lupding face. Visual owservation o! the clearance between the
Instron loading ram and the two free celis at loads over 2000 pounds pro-
vided an accurate refercuve of load centering. Yielding of the bruss shim
was reflected as tipping of the poppet under load and the resulting change
in clearance a2t the two free cells easily detected. Accuracy of the
Instron machire was within 13 pounds at this level, and so calibrating
loads hetween 2000 and 3000 pounds were accurate within 1 percent of
applied loa¢. Calibrating resistors for the load cell system established
in this manner introdu:e errors by not being exactly matched to cali-
brating loaids and by the necessity for changing range on the amplifier
system. However, accuracy of the system in use was coutinually monitored
in the tester by reference to known pressure loads, and may be taken as

well within 5 percent of applied load.

Final Load C23il Checkout. Checkout of the load cell system was performed

with the piston removed from the tester to measure and define ilhe follow-

ing characteristics:

Zero Output Stability. With no load on the cells, recvrder output

was observed to determine drift characteristics, Stebility was good

43 . 1 h ) [~ - s - s . - . hY N
or the high load ranges (100-, 300-, 1000- and 3000-pound ranges) where

)

variations less than 0.5 percent of full scale were observed over 1/2-
to l-hour periods. Zexo drift, when on the 30-pound range, was as much

as 0.2 pound over 1l- to 2-hour periods,

Zero Repecatability. With the application and removal of load, re-

corder output was observed to determine repeatability of zero load indi-
cation, Repeatability for the high locd ranges was better than 0.5
percent of full scale. Variatvions in zero load, when on the 30-pound

scale up to (.2 pound were noted.

129



Sensitivity. With the application and removal of small loads, the

ability of the system to accurately resolve the change was checked, indi-
catiug that load changes of 0.3 percent of full scale (0.1 pound on the

30-pound range) may be detected.

Accuracy (Linearity). Ability to accurately rccord load changes

upon application or removal of kuown loads was observed. Maximum individ-
ual ce'l deviation at the most sensitive {30-pound) range is shown below

with the noted accuracy applied Lo all ranges.

Applied Load Full Scale Applied Load
Loed, Reading, Error, Error,
_pounds _pounds percent percent

5 4.85 0.5 3.0
10 9.92 0.3 0.8
20 19.76 0.8 1.2
30 29.85 G.5 .5

Extraneous Signal Sensitivity. With no lead cn the celis at the

' 30-pound range, changes in recorder output were obaserved as a result of

grasping or moving comnecting cables and cowpoaents or bringing metallic
objects near the equipment. No effects could be observed from the above,
Likewise, during the course of calibration aud subsequent tester opera-
tion, there were no noticeable changes observed when operating near elec-

tric motors or appliances.

Tewperature. With no load cu the cells at the 30-pound range,

changes in recorder cutput were observed when thke temperature of the
cell was changed by grasping with the fingers or laying metallic ojects

oo the cell load bearing esurfaces. The time required for return to a
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stable output was the characteristic checked as well as any shift in zero
point. The application of body heat changed the zero point as much as
53 pounds with as long as 10 minutes required for stabilization at the
original set point. Applying the weight loading plate or the test poppet
and locking ring assembly changed the zero point approximately 1 to 2

pounds with 5 to 10 minutes required for stabilization.

Calibration. The initiel calibration involved establishing fixed

electrical resistors which could be installed in the electronic circuit
to simulate known mechanical loads. These resistors, since they are not
subject to significant changes with time, were used for day-to-day cali-
bration of the load cell system. Resistances were varied until they
simulated load cell output noted under actual calibration load conditions.
The resultant calibrating resistors were accurate to within 0.5 percent
of their equivalent load. A check for stability of these resistors was
made after the first 4 weeks of operation. At this time, the maximum
change in output observed, which includes readout accuracy, was C.7

pound at 30 pounds or 2.3 percent.

Switch and Contact Resistance Variations. Seve.al switches and

frequently installed comnectors were designed into the system which
created the possibility of erroneous output because of changes in cir-
cuit resistance. These included recorder cell and calibration resistor
selection switches and the pin and socket type connector used with each
calibrating resistor. Switching from cell to cell, selecting calibrating
resistors, and removing and installing calibrating resistors was re-
peatedly dcne under load and no-load conditions resulting in repeatable

readings within 0.5 percent of full-scale reading on any range.

Piston Centering

Pneumatic Test. Extensive testing of the hydraulic piston cuntering

principle was conducted tc verify the capability of maintaining a radial

load on the piston without contact between piston and body. Preliminary
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results showed thet performance was not as predicted; therefore, special
lesrs were peritormed to support further analysis and possible Improvement.
Rework of the pislon taper jrofile was indicated as ihe answer to improved

performance.

The major part of the development and testing was conducted with a second
pis*on (S/N 2) while the first piston (S/N 1) was having stirain gages
instelled snd tested. Tests were perforwed while pressurizing each taper
. independently auw well as with & conmon pressure using nityogen gas as the
pressuzrizing flvid. Use of the 1/2-micron filter eliminated contemination
problews. Testing with the test fixture ii: a horizonval position provided
a highly sensitive means of detecting piston-to-body contact. Special
components fahricated for test purposes included a pressurizing tube in-
stalled in the tcp of the piéton extencing through the tester cap and e
sel of plugs for the top cross holes in the piston. This ailowed inde-
pendent taper pressurizadiion and, by taking height readings at the pres-
surrzing rod snd lead colls, an indication of radial piston motion as a

fuuction of pressure.

Aa indicaticn of the magnitude of the friction present when testing as
an "air bearing” was found by tilting the tester slightly from the hori-
zontal and noting when the weight of the piston would provide free axial
novemenut. Tiltiag to fless than 0.03 inch from the horizontal was suffi-
cieny 1o promote axial movement with film pressure "floating" the piston
1bis represcrts & coeificieni of fricti n of less than 0,000. Tue fric-
tion forze then, using 3.0 pounds as the piston weigho providing the
radial load, is less than 0.02 pour?. (During preliminary testing, a
cursory test was made to check the decentering effect, c1 hydraulic lock,
with flow through the teapers reversed. As predicted, friction was pres-
sent with the appiicaticn of less than ) psig and increased as pressure

was increased,)
1a2 first weits {pistonS/N 2) showed that with voth tapers pressurized

and the tester horizoutal (1) the piston was being forced against one

'8ide of the vore a4t all pressures, (2) the direction of axial movement,
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when checked with the Merz, changed as the piston was rotated but did
not change when the body was rotated to diiferent positions, and (3)
filling and pressurizing with SAE 10 lubricating oil gave essentially
the same results. (Verification here of identical performance with
either gas or ! as the filw pressurant jusiified the use of gas for
the romainder of the tester evaluation pregram.) The following test,
with indepeundent taper pressurization, showed that the top taper (at
the end opposite the load cells} floated the piston at pressures from
75 to 220 psi depending upon piston retatien. while the bottom taper
(next to th. load cells) forced tha piston 1a the direction of cel:

No. 2 with the applicatioen of pressure.

Conclusions drawn from this test werc that pressure applied tu the fop
taper created a centering force propnrfional to the pressure which was
balanced al a point very near the center of thé hore. Furthermore, the
couple created by the pressure acting on tue seuling land adjacent to
the taper produced a flowiing piston at ali pressures. Pressure on the
bottom taper, however, caused a force, when coupled with the adjacent'

sealing land, which produced cocking of the picton nt all pressures.

Proficorder inspection of the pistoa taper and seuliup land profiles

showed deviations from true roundness believed to he the source of the
trouble. Waviness deviations from true voundness as great as 2) micro-
inches were prescat in both the seal laads and tapers. The seal land

adjacent to the botton taper in paviicuiar had an outstanding low area.

(These deviations originated in cyliudrical gringding and in some cases

‘may have been exaggerated by finisk roll lapping and hand stick lapping

\
\

of the tapers.)
The corrective actinn taken to improve perfoymance wus Lo rework the

tapers avd sealing lands to improve roundvers and at the came time pro-

‘duce more clewrance and vaper. A cut-and-try procedure was used in an

attempt to evalawte the significance of lmproved roundness vs additional

clearance and vaper. Ring lapping both sealing lands and tapers is
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credited with the most significant improvement, producing a finishea
profile to within 7 microinches of true rounduess. Increasing both
tapers and the clearance of the eealing lands at the ends also improved
ptrformance. lIncorporating a series of 0.0005- to 0.0008-ivch wide re-
lief grooves in the center land did not help while increasing the clear-
ance al the center laud (reducing piston diamcter) appeared to actually

increase the decentering forces,

¥ili centering performance and radial load capacity after this series of
rework operations on piston No. 2 were greatly improved but did not meet
the desired performance requirements. Although the piston would float
with both tapers pressurized at intermediate stroke positions, contact
was made between the piston 0D and body bore as the pision was meved to
within approximately 0.06 iuch of the seated position. With only the
top taper pressurized, the pistun would float at all positions but had
very little radial load capacity. It was agsumed that the minor devia-
tion in roundness still remaining with scme probable eccentricity was
wmagnified by the effective shortening ol the distance between radial

forces as the tapers were increased.

At this poiant, it was believed that enough test data had been accumulated

on piston No. 2 to make it feasihle to proceed with piston No. 1 which
had strain gages installed and tested. The performance of piston No, 1

was only slightly better than No. Z, therefore, the tapers and end lands

were ying lapped. The following final dimensions resulited in a compromise

between very nearly full-ifloating capabilities with both tapers pres-
surized and the maximum radial ioad capacity with the top taper only
pressurized, (Pressurization of the bhottom taper still ereated friction

when the pieton was within 0.030 inch of the sealed position.)

R

Bottom land clearance = 0.00024 to 0.0C029 inch

Botiom taper = 0.0010 inch in 1.38 inches
Center land clearance = 0,00018 irch
Top taper = 0.0007 inch in 1.5 inches
Top land clearence = 0,00012 inch
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Load Capacity. The decision to use the piston "as is" with vuly top-

taper pressurization at a sacrifice in side load cavrying ability was
based on the urgency of proceeding with the test program and the low

load requirements for the first phase of the test program. Actual load
carrying capacity was not accurately checked but would support the weight
oi the piston with the testor horizontal and pressurized at 100 psig.
Load carrying capacity increased with pressure and was estimated 1o be

i excess of 20 pounds applied at the load cells when pressurizeua 1o

1000 psig. This was considered satisfactory for the first phase of the
test program in which very near-parallel seating surfaces with no sig-

nificant side loads, were anticipated.

At this point, it was concluded that the resultant radial loads developed
Ly the tapers were apprcecling a location near the large ends of the

tapers, or the center of the piston. Assuming that the decentering

forces ere caused by an effective eccentricity betlween the two tapers

and the 0D o¢f the piston the fact that they were close conpled as com-
pared with the len .~ of the piston weant that an eccentricity on the
order of a few microinches was sufficient to cause metal-to-metal cen-
tact at the ends of the piston., It is theorized that the accommodation
of high side loads could be provided by reversing the tapers (the present
piston ¢ould be replated to do this) which would locate the resultant
centering loads near the ends of the piston. An additional improvement
which could be incorporated in rework would igclude ring lapping the

OD before final sizing to provide better roundness and effective con-

centricity between tapers and ends.

Hydraulic O0il Assembly. Assembly of the tester with SAE 70 lubricating

cil for hydraulic film pressurization was a procedure requiring consider-
able attention to the elimination of contamination and entrapped air.
All detail parts were cleaned with benzine and blown dry with nitrogen

gas filtered with the 1/2—micron (Millipore) filter. Before assembly, a
quantity of SAE 70 oil sufficient to provide several refillings of the
supply tank was also filtered through the Millipore filter. This was

accomplished to minimize the clogging of the filter during future testing.
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Filling of the tester pistom to body clearance spaces and monifolds was
conducted with the top cap and piston plug removed and the fixture verti-
cal. As 0il was poured into the center hole in the piston air was re-
moved by using a small diemeter wire as a probe into the center hole in

the piston and the angular-drilled supply hole in the top of the body.

Bleeding of the supply system after installation of the piston plug and
the top cep of the tester was acccmplished by cracking the tube connections
between the tester and the supply sump. Verification of complete air and
contamination removal was not positively proven but subsequent operation
_of the tester did not show evidence of either condition. Contimuous
monitoring of friction between piston and bore during the test program
indicated a continuous pressurized ¢il film and no indication of binding

caused by contamination.
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SURFACE FINISHING OF MODELS

All of the test models evaluated in the program had either lapped or
lapped and polished finishes which typify the wetal-to-metal valve secat
surfaces currently found on aircraft and missile components. Lapping

is a methed of producing extremely uniform and smooth surfaces by means

of a charged lap (dry lapping) or a lap in conjunction with loose abrasive

compound {wet lappirg).

The actual lapping process includes a number of variables which are con-
trolled by the individual cperator and must be evaluated in a subjective
manner. ¥or example, lapping pressure, motion of the workpiece on

the lap and the amount of compound used are subjecl to variation in
individual technique. As a general rule, light lapping pressure and

. stroking are conducted in a random fashion so that the movement of the
part describes an ever-changing path. Frequent rotation of the part

also helps to even out the surface texture.

The object of this portion of the program was to investigate these
variables and techniques to better understand what is required to achieve
a given desired surface. It was intended that the suriface roughness
parameter would be varied on test models while other parameters such as

.. gurface lay, waviness, material, hardness, etc.,, were maintained constent.

PRELIMINARY FROCEDURES

The subjec£ test specimens were first prepared with a fine uniform grind
finish of ebout 8 AA and were maintained flat within appreoximately 2
light bands te¢ minimize the awmount of stock to be removed during lapping.
Similarly, the ssating and rear faces were ground parallel within 50

~microinches.

137



The condition of the actﬁal lapping plates to be used was considered
next. To achieve the desired test surfaces, the lappiug plates were
held between flat and onc helius light band (12 microiuches) convex.
Plates deviating from this were refinished or relegated to rough lapping
cperations. Accordingly, verification of an acceptable plate condition

vwag made before its use for test model preparation,

LOOSE ABRASIVE (WET) LAPPING

The theory of loose abrasive lepping is that rolling abrasive particles
wear the workpiece by c¢ccasional cutting. The abrasives are held in
suspension by a special lapping compound which is generally diluted with
kerosene or similar hydrocarbons. A feature of many abrasives is that
they wear or break down into smaller crystals so that a progressively

finer finish is obtained with continued use,

The texture produced from wet lapping is a multidirectional surface con-
sisting of uniformly random hills and valleys over the entire surface.
The surface may contain scratches although they are not the predoeminate
surface characteristic. Figure 25 shows a test part being lapped with
the loose abrasive technique. A measure of the quantity of compound

used in this technique can be scen in this figure,

The initial goal of this effort was to vary the surface roughness from
1/2 to 8 AA in incremental sieps while keeping the other surface param-
eters constant. The action of a variety of compounds on 44%0C steel test
. parts was investigated hefore defining a final finishing method; these
included aluminum oxide, silicon carkide, and corandum. The normal sur-
face rougbneas on a produniion lapped pert was 2 to 3 microinches AA

- {0.03-inch cutoff) as Japped with a B0(-grit slurinum oxide compound.
Unfortunetely, semiuhifqvm‘surf&¢ea above this roughness level were very

‘difficult to achieve. The msjor problem witl the rougher surfaces was



Figure 25, Test Part Being Lapped
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the presence of scratches and edge rounding (or dub-off). Eventually,
uniform surfaces of 4 and 6 microinches AA were achieved using the 280-
grit corundum compound. Both surfaces were ocbtained with the same com-
pound but at different stages of compound breakdown. For surface rough-
ness below the 2- to 3-microinch AA level, a diamond lapping technique
was used. This operation produces a different surface lay than that of
the loose abrasive operation and will be covered in the discussion of

dry lapping techniques.

The test parts which were to be used for the evaluation of material
properties and gross geometry were prepared with the 900-grit aluminum
oxide compound. The various compounds used on the final poppet and seat

models including the polishing technique used are shown in Table 7.

DRY LAPPING

Dry lapping uses very little compound on the lapping plate. Diamond
compounds are generally used for this process although other compounds
could be used in this manner. The cutting action is caused by compound
embedded in the lapping plate with minute cutting edges protruding above
the lap surface. The cutting action will be the function of the particle

size and the degree of embedment.

The characteristic surface texture of a dry-lapped material is that of-
miltiple scratches on a smooth undulating surface. If the final strokes
are made in a straight line, without turning the part, a unidirectional
aurface will result. All of the test poppets and seats lapped with
diamond compound had this type of surface texture. These parts included
test models E, F, and G which were fabricated to evaluate the stress vs
leakage relationship for ultrafine surface finishes. Diamond compounds
are necessary to satisfactorily cut extremely hard materials such as
tungsten carbide; therefore, the poppet of test model A was also diamond

- lapped.
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POLISHING

The surface finish on most materials after lapping has a dull matte
texture. To improve the finish and brighten the surface for inspection,
lapped parts are generally lightly polished. This polishing is accom-
plished by embedding a fine compound in a resilient lap. The polishing
operation realigns the surface texture, leaving shallow smooth-sided
troughs made up of facets inclined at amall angles. Realignment of these
facets at nearly the same angle produces a highly reflectvive configuration

which is the visual characteristic of a polished metal surface.

The compounds used for polishing are generally very fine. For the test
povpets and seats, 1200-grit aluminum oxide and 0- to 2-micron diamond
compounds were used most frequently. The resilient lap used was bond

writing paper which was taped to a flat granite surface plate.

Inspection of the surface texture under the interference microscope re-
quires a reasonable degrce nf reflectivity; therefore, most of the test
poppets and seats were lightly polished. The exception= were the 4 and
6 AA surfaces where a rough texture was of interest. Polishing of these
surfaces to a reasonable degree of reflectivity would have reduced the

roughness by as much as 50 percent.

One of the problems in lapping, and especially polishing, is the tendency
to radius (dub-off) the workpiece edges. The resilient lap tends to
apply greater preasure and collect more compound at the edges of the part.
This dub-off only becomes critical in narrow seat lanis where the dub-

off is a large portion of the total land width. Control of dub-off during
polishing ie accomplished by using light even strokes and keeping the -

polishing to a minimum,
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CLEANING

After lapping and poliashing, all models were ultrasonically cleaned
for orne minute in hot trichloroethylene. Final treatment consisted of
wiping witk lint-free paper and benzene. None of the models were

passivated or otherwise treated before testing.
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MODEL INSPECTION EQUIPMENT, PROCEDURES, AND DATA

The poppet and seat model inspection data provide the measurements neces-
sary to correiate configuration with test and analytical results. Be-
cause of the extremely small dimensions of surface profiles normally
associated with metal-to-metal valve seating, no one piece of inspection
equipment can provide a comprehensive definition of the surface in ques-
tion. For example, only a small indication of the actual three-dimensional
profile is obtained from a stylus instrument while optical devices give

a three-dimensional view, but for measurement purposes, cover a very
limited field. This results, to a degree, in a subjective interpretation
of raw data from several instruments to arrive at a practical estimation

of the parameters of interest.

Aside from normal inspection checks to indicate primary conformance with
drawing requirements, four additional parameters were considered to best
define the seating surfaces and preclude erroneous test information in-
put. These parameters were parallelism, flatness, surface texture
(peak-to-valley parameter, h; average asperity angle, &, nodules; and
scratches), and surface hardness. To obtain this information, several
types of optical, mechanical, and electromechanical measuring instru-
ments were used. The following paragraphs describe the specific equip-
ment and procedures employed to arrive at the final interpreted dimen-
sional results for both gross dimensions and surface profile as shown

in Table 8. Figuies 26 through 64 illustrate specific and typical plain
and interference microphotogruphs and stylus traces used in compiling
Table 8.

MODEL INSPECTION EQUIPMENT

The inspection equipment used way roughly be categorized into three types;
comparitor, stylus, and optical. Each has certain advantages and limita-
tions, and the proper evaluation of these characteristics is necessary

to place the measurements obtained in proper perspective.
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Figure 26. Test Model A, Scat, Figure 27, Test Model A, Scat,
0.0005 x 0,0005-1nch lnterfercnce 0.033 x 0.033-1uch Interference
Photo Photo Showing Dub-0ff and

Pressure Tap

(. = :U;, .

Figure 28, Test Model A, Poppet, Figure 29, Test Model B, Poppet.,
0.0005 x 0,0005-1uch Interference 0.0005 x 0.0005-Inch Interference
Photo, Cross Lay Photo Showing 0.0005-1nch Radius

Profilometer Stylus Scratches
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Figure 30, Test Model B, Seat, Figure 31. Te=t Model D, Poppet,
0,033 x 0.035- Inch Interfereace 0.0065 x 0.0065-Inch Plain Photo
Photo Showing Dub-Off Showing 0.0001-Inch Radius Pro-

ficorder Stvlus Secratches

Fignre 32. Test Model F, Poppet, Figure 33. Test Model E, Seat,
0.0065 x 0.0065-Inch Interference 0.0065 x 0.0065-Inch Interference
Photo, Cross Lay Photo, Cross La., Poliched

Preceding Page Blank 149
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Figure 3%. Test Model B, Seat, Figure 35. Test Model F, Scat.
0.033 x 0.033-Inch Interference 0.0005 x 0.0065-Inch Interference
Photo Showing Polish-Caused Mhoto, Cross Lay, Narrow Bandwidth
Dub-0ff

Figure 36. Test Model F, Seat. Figure 37. Test Model F, Seat,
0.0065 x 0.0065-Inch Interference 0.9065 x 0.0065-Inch Interference
Phelo, Cross Lay, Same Location Photo With Lay Showing 0.0005-
as Fig. 35 Except Wide Bandwidth Inch-Radius Profilometer Stylus

Scratches

Preceding Page Blank
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Figure 38. Test Model I, Seat, Figure 39. Test Model I, Poppet,
0.0335 x 0.035~-Inch Interference 0.0065 x 0.0065-Inch Interference
Photo Photo, Cross Lay

"

- O A

Figure 40, Test Model G. Poppet, Figure 41. Test Model G, Poppet,
0.0065 x 0.0065-Incn Interference 0.0065 x 0.0065-Inch Interference
Photo, Wide Bandwidth Photo, Narrow Bandwidth Showing

Test Scratch

Preceding Page Blank
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Figure 42, Test Model H, Poppet, Figure 43. Test Model H, Seat,
N.0065 x 0.00065-Tuch Interference 0.033 x 0.033-Inch Interference

Phote Photo

Figure 4%. Test Model I, Poppet, Figure 45. Test Moael J, Poppet
0.0065 x 0.0065-Inch Interference 0.0065 x 0.0065-Inch Interference
Photo Photo Showing 0.0001-Inch Radius

Proficorder Stylus Scratch

Preceding Page Blank



Figure 46, Test Model J, Poppet,
0.0063 x 0.00065-Inch Interference
Photo Showing 0.0005-Inch-Radius
Profilometer Styvlus Scratches

Figure 42, Test Model K, Seat,
0.00065 x 0.,0065-Inch Interference
Phote Showing 0.0005-Inch-Radius

Profilometer Stylus Scratches

Figure 417.

Figare 49,

YT Tesxt Model 7, Seat,
0.03% x 0,033-Inch Interference

Photo Showing Dub-0ff

e‘*ff%%
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Test Model K, Poppet
0.0065 x 0.00065-Inch Iutorference
Photo Showing 0.0005-Inch-Radius

Profilometer Stylus Scratches

oreceding Page BIaN



Figuro 50, Test Model K, Seat,
0.0065 x 0.0065-Inch Interference
Photo Across Circumferentially
Polished Lay

Figure 52. Test Model K, Seat,
0.033 x 0.033-Inch Interference
Photo Showing Dub-0ff

Preceding Page Blank

159

Figure 51. Test Mcdel K, Seat,
0.033 x C,033-Inch Interference
Photo

Figure 53. Optical Flat, 0.0065 x
0.0065-Inch Interference Photo
(lines and dots are from optics
flaws)



Figure 54. Profilometer Stylus, Fifure 55. Proficorder Stylus,
0.0005-Inch Radius,0.016 x 0.016- 0.0005-Inch Radius,0.016 x 0.016-
Inch Plain Photo Inch Plain Photo

Figure 56. Proficorder Stylus,
0.0001-Inch Radius,0.016 x 0,016-
Inch Plain Photo

Preceding Page Blank
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Indicating Comparitors

to spot check height variations of a workpiece with veference to a pre-
cisely known dimension., In practice, one or a multiple stack of gauge
blocks is wrung to the anvil to provide the reference height for zero-
setting the indicator, The reference stack is then replaced by the work
piece which is wrung to the anvil at discrete intervals under the indi-
cator head aud height differences noted. Such a device is particularly
suitable for absolute height and parallel measurements within i1ts accu-
racy capabilities. MHowever, because the work picce nust be wrung to the
anvil each time a new point is to be measured, a continuous indication

of surface variation is not possible.

The two types of comparitor, one mechanical and the other electronic,
used in fabrication and inspection of the test models are shown in

Fig. 65. The mechanical unit on the left is the Mikrokator made by the
C. E. Johansson Gage Co. and is capable of difference measurements of
about 5 microinches., Because the parallelism requirement for both the
off-seat (l-inch scating diameter) and on-seat (1/2-inch diameter) test
specimens was D microinches, the Mikrokator was used only during fabri-

cation and for initial gross inspection tests.

For final inspection, the electronic comparitor shown on the right in

Fig. 65 was used, This unit, the Micro-Ac, is made by the Cleveland
Instrument Co. and can measure surface deviations down to 0.5 microinch,
Basically a reluctance-type position indicator coupled with a high-gain
amplifier, the unit has the disadvautage of being quite temperature sensi-
tive at the higher gain (0.5-microinch) setting. For optimum results,
this type indicator must be located in a temperature-centrolled room and
further isolated from drafis and operator body heat. Even the act of

wringing small parts to the anvil adds sufficient heat to the workpiece
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to preclude instantaneous accurate measurement. During inspection of
{ the test models, it was found that a 1.5- to 30-minute waiting period was
required after an initial workpiece setup to obtain consistent measvre-

ments to the nearest microinch,

Stylus Instruments

Two types of stylus instrument were used in fabrication and inspection
of the test models, the Prcfiloweter and Proficorder both manufactured
by the Micrometrical Mfg. Co. The Profilometer (Fig. 66) is an electro-
§ mechanical device incorporating a piloter or tracer arm. displacement
head, and amplifier with meter output display. This unit, as well as
the Proficorder uses a standard 0.0005-inch-radius stylus tip (supplied
with a calibration plate) and a special 0.000l-inch-radius tip. The

4 Profilometer output is readily switched between AA and rms and can be

i sct for 0.003-, 0.010-, and 0.030-inch cutoff values. As the displace-
ment head traverses the workpiece, the motiun of the stylus generates a
vo.itage proportional to the height of the measured surface irregularities,
which is continuously averaged by the electronic system and displayed on
the output meter. Therefore, the Profilometer shows the variations in
average roughness height but does not indicate asperity configuration or

wavelength variation greater than the set cutoff value.

For direct continuous surface irregularity measurement, including rough-
ness, waviness, and asperity angle variations with permanent information
display, the Proficorder was us~d. Figures 67 and 68 show this instru-

ment setup for typical measurements. The indicating head is similar Lo

that of the Profilometer but the output is presented on a continuous

strip chart permitting more discriminate evaluation of surface conditions.

Unlike the Profilometer, the workpiece mounted on a rotating table moves
relative to the indicating head, permitting the use of this instrument

for flatness and parallelism measurements. Calibration of the Proficorder
indicated a repeatable response to a 50-microinch step input accurate

within 2 percent or 1 microinch.
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Profilometer and Test Poppet

Figure 66,
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In using the Profilometer and the Proficorder, several sources of error
or extraneous inputs were encountered and evaluated. The first of these
is vibration noise inherent in the instruments uscd and from external
sources. The latter problem is & function of shock mounting and isola-
tion from ambient disturbances. Proficorder calibration checks indicated
the total noise level resulting from internal and external vibratioa

sources was less than 1 microinch,

For the particular Profilometer used during periods when nearby machinery
was in use, an ambient-induced noise level of 0.7 to 0.8 microinch was
noted. Accordingly, data were taken when ambient vibration was minimal,
and contipuous monitoring of this influence was practiced to apply proper
corrections. 1In addition, this Profilometer exhibited a peculiar vibra-
tion phenomenon apparer tly associated with the tracer system, which
showed up particularly at the 0.030-inch cutoff level. The first indica-
tion of this problem was an observed difference between rcughi.ess values
obtained on the extend and retract portions of the tracer cycle. To
evaluate this condition, an optical flat was used as a test specimen and
checkad with the 0,0005-inch-radius lip stylus. The results, as tabu-
lated below, were essentially verified by the 0.0001-inch tip stylus.

AVERAGE PROFILE VALUES IN MICROINCHES AT CUTOFF NOTED
~ Cutoff, inches 0.030 0.010 0.003
Extend 1.7 0.49 0.25
rms -
Retract 0.9 0.35 0.25
AA Extend 1.7 0.35 0.2
Retract 0.8 0.30 0.25
Residual Vibration (AA) 0.25 0.25 0.20

Not only is there a marked difference in the extend and retract realings
at a 0.030-inch cutoff, but the readings are much higher than at the
other cutoff levels. The test optical flat surface profile has been

checked on the Proficorder and the interference microscope (Fig. 53).
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Both instruments indicateﬁ tctal surface deviation less than l-microinch;
therefore, the corresponding AA reading should be about 0.3 microinch or
bhelow. Based on this information and the previous limitations imposed by
residual vibrationa, it was concluded that readings below 1.0 wicroinch
for the 0.030-inch cutoff and 0.3 microinch for the 0.010- and 0.003-inch
cutoff are essentially meaningless for this particular Profilometer.

Only the retract values were recorded for the inspection data.

Profirecorder data on surfaces of 1 microinch AA (3 microinches peak-
to-valley) anu greater are considered sufficiently accurate. Below these
specified limitations, thc interference microscope information was used

to define the test surtuces.

The remaining stylus instrument errors considered apply to the stylus
and include contact stress and influences of tip radius and wear on

asperity depth mepusurements.

An elastic stress analyesis assuming Hertz contact was undertaken for the
0.0005-inch radius tip with a 2.5-gram load on hardened 44%0C stainless
steel (Rc64). The stress condition was well into the plastic region.
Next, assuming that the plastic stress level is 2.8 times the yield of
the metal, a simple plastic analysis was performed. The results of |
the analysis are shown on the following page. The diameter (d), or

track width, ie a function of the load only and not the tip radius.

This analysis indicates that a 1.76-microinch track depth and a 84-
microinch width would be made for the 0.0005-inch radius tip at the
Profilometer epecification loading of 2.5 grams. An example of stylus-
caused surface damage can be seen in Fig. 45. Although visible, the
track depth (in thia instance from a 0.000l-inch radius tip) was not as
deep as the calculations would indicate. However, this could be attrib-
uted to a worn stylus tip. This assumption is substantiated by the fact
that there is very little evidence of plastic flow by the 0.0001-inch-

radius tip on the very smooth surfaces examined with the interference
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l DIAMOND STYLUS TIP

440 C
SURFACE

e e o W e

0.0005-Inch Ra(iius 0.0001-Inch Radius
Pressure, Z, B d, Z, d,
grams Microinches Microinches Microinches Mi‘,:r,c,',imhes
0.1 | 0.0704 16.8 0.352 16.8
1.0 Q.704 53.0 3.52 53.0
2.5 l 1.76 | 84.0 8.80 84.0 |

Lo

_microscope. While this analysis has shown that ccylus tips can and do
‘mark the surface.a ilim‘ited_ amount , _it‘,‘is concluded that the basic surface

- contour is followed by the stylus (except for deep pits) because of the

* constant plastic flow depth noted in those instances.

Further analyses wore performed to determine the bottoming errors re-

sulting from atylus tip radiue and wear. The bottoming error is caused

by the tip radius not being able to follow the asperity completely into

the valley. YThe following sketch illustrates this condition,
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The bottoming errors (e) tabulated below have been computed using the

equation
0
1 R &
P n( 1) &
cos @ Q 6560
‘ Angle, & - Valueg of €, eromghes
degrees 0.0005-1nch Radiua 0.00C1-Inch Radius
| 1 0.076 0.0152
2 0.306 0.0612
& . 1.25 10.245
8 5.00 1.00
10 7.75 1.55

", For the test models inspected (Table 8), the relationship of ® and the

roughness height (h) are such that the errors tabulated above, though
‘significant, are minimal. Obviocusly, the 0.000l-isch-radius stylus

.results in greater accuracy and should be used when measuring fine or .

very sharp surfaces.

Aonrn stylus limits the depth to which the tip can enter a valley.
This can be seen from the sketch and calculated errors shown below,
From the equation e = d/2 tan @, this error is independent of tip
radius (d> 2 R sin @),
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FLAT WIDTH
d, INCHES

AN NSNS E\W
, 7 ¢, DEGREES

, Te. microinches - 7 T 77

\N
A

Valves of €, Microinches

Angle @, B 6 s
degrees d = 50 x 10 7, inches d = 100 x 10 ', inches
1 0.430 0.872
4 1.75 3.50
8 3.50 7.00
12 5.30 10.00

Errors resulting from worn tips are appreciable, particularly at the
greater angles. .During the inspection of the scratch configuration
(test model G), a discrepancy was noted between the interference micro-
photograph and the Proficorder data. Based on the microphotograph, the
scratch depth was 31 microinches while the Proficorder, with a .0001-
inch-radius tip, indicated 20 microinches. Because the 0.0001-inch-
radius stylus was used, this discrepancy was not caused by a bottoming
error. However, it could have resulted from a worn tip because the

\ _ugle was 11 degrees. Microphotographs of t1p stylil are shown
in Fig. 54 through 56. While the large flat on the worn 0.0005-inch-
radius tip is quite apparent, a 100-microinch flat with worn and faired
edges would not be readily discernible and could account for the 10-

microinch discrepancy noted above.
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thiqa} Instruments

Several optical devices were used in the program for test moedel inspec-
tion and supplementary data. Included were the optical flat, interfer-
ence and plain microscopes, and the microhardness tester which is not

purely optical.

The optical flat is used extensively for production operations where
groess flatness measurewents are required. 1t was used to verify over-all
flatness of all poppets and seats to within 6 microinches and was par-
ticularly us-ful {v. .apidly measuring the cylindrical-shaped poppets of
test models H auc¢ I used in the out-of-flat stress leakage tests. Fig-
ure 09 shows a typical use of the optical flat in measuring gross “

flatness.

A Leitz interferernce microscope vas used for more discrete flatness meas-
urements of seating lands and arcas and fine finish evaluation. Figure
70 shows the unit with a Polarcid camera attachment for photographing
“est specimens, This device may be used for plain or interference view-
ing a&d provides 100, 200, and 500 power magnifications. Surface texture
-characteristics of all test surfaces were determined in full or in part
';ithrough 500 power viewing. For evaluation of seat land dub-off and large
surface deviationa, 200 and 100 power magnifications were used. The
interference microscope was extensively used throughout the test program
- and was invaluable in the definition of such items as scratch extent

where an areg rather than line view is absolutely required.

- Aside from multiple power magnification, the Leitz interference micro-
acope permits two-band pattern adjustments. First, the band dcnsity
across the part can be varied. Figures 35 and 36 illustrate different
band densities on identically magnified part locations. From the ex-
ample, it can be seen that the large scratches which are difficult to
measure with a few bands are quite plain when ihe number of bands is in-
creased. Secondly, there is the capability of rotating the bands 360
degrees. This enables the observer to view the various lay directions

without moving the part.
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For gross surface defect assessment and general low-power viewing, a 40
power Bausch and Lomb microscope was used. This unit provided excellent
naked eye assistance without complicating the viewed surface with minus-

cule defects and variations.

Test specimen hardness was determined by the Vickers test, using a Leitz
microhardness tester (Fig. 71). This instrument is capable of taking
hardness measurements with loads from 15 to 1000 grams. A pyramidal-
shaped diamond indenter having a depth-to-diagonal ratio of 1:7 was used,
and the diagonal identation width was directly measured through a self-

contained optical-recticule system.

Vickers diamond pyramid hardness number (DPH) is defined as the pressure
distributed over the contact area of the indentation. The mathematical

expression is:

. — 2
0.5393 d
where
P = load, kilograms
d = diagonal distance, millimeters

Because only the surface hardness was of interest, the indentation loads
used were 15 to 100 grams. The procedure used was to make two indenta-
tions and average the diagonal dimensions from each. Accurate measure-
ments on the test surface profiles limit the minimum diagonal to approxi-
wately 10 microns (0.0004 inch); therefore, only the 100-gram data were
measured on the steel and carbide parts. Figures 26 and 28 show inter-
ference microphotographs of indentations at both loads. Note roughness
interference and also that the depth may be determined by counting inter-
ference bands but not as accurately as direct measurement because the

exact edge cannot be exactly discerned.
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Figure 71,

ey st

Leitz Microhardneses Tester and Test Poppet
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The hardness pressure may be used for an estimate of yield strengths.
The plastic flow pressure for fully work-hardened metal is approximately
2.8 times the yield strength (Y). Hardness values and approximate yield

strengths for each of the test model materials are tabulated below.

15-Gram 100-Gram Vickers Yield
Average Average Hardness Strength
Diagonal, Diegonal, Number, Criterion,
Material Microns Microns Kg/mm2 psi x 10
L40C )
Stainless Steel -- 15.2 800 400
6061-T651
Aluminum 15.5 40.0 123% 62.5%
Tungsten )
Carbide - 11.8 1330 6706

*Based on 15-gram load

INSPECTION AND DATA INTERPRETATION PROCEDURES

In obtaining the inspection data presented in Table 8, certain procedures
and ground rules were used to obtain the best and most representative
values. These techniques apply to the physical measurement of various

properties and the information deduced from those measureme: is.

Parallelism of the test parts was of particular importance during the
off-seat tests where poppets and seats were brought together within a
few microinches without touching. Here, seat displacement was measured
from the rear poppet face; therefore, deviations between the rear and
seating faces could introduce error. For the out-of-parallel tests, the
poppet faces were deliberately lapped out of parallel. In the latter
case particularly, parallelism was measured on the Proficorder in addi-
tion to comparitor checks. By wringing the test poppets to an optical
flat preleveled on the Proficorder table, continuous indication of the
parallelism characteristics was obtained with a 1/16-inch ball stylus

and the instrument set for waviness.
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Although grose test mocel flatness was wmeasured with the optical flat,
the flatness of seat lands required special attention because one of the
problems with lapped and polished surfaces was the tendency to radius the
edges of the part. This action, commonly called dub-off, becomes criti-
cal ip narrow seat lands where the dub-off wey represent a large portion
of the land widih. The interference microecope‘vas used t¢ assess this
condition in the seat models. Figare jh is an interference m;crophoto-
graph of test seat E which exhlblts Lon81derab1e dub-off. As a result,
the effective seat ares was decreased and the seat stress WAS propor-
tionally increased. Each of the seat medels tested was examined for
dub-off and the stress area adJuotea accordlngh . The criterion used
was that the permlaalble dub-off would Ye u¢ greater then the maximum
surface roughness. The inepection data (Tablo 8) showa that the "flat
land width" column, which 1s vsed ia ccmput;ng effective seat land area
deviates in some instances from the'vgﬁugq,i}gped in the "total land -

La o

width" column, . . N L S L

A NS i
KRR

" The Prdfilpyeter"data preaehted in Table 8 are based op the arithmetic
© -average (AA)ngading which bus supplanted the rme average. Though not
illustrated, rms readings were taken and found to be 1.1 to 1.15 tires

" bigher than the Ak readings. Information is tsbulsted foi the 0.0005-

.,ﬁfand O%QOOIQinqhuradius tip stylus. In general the 0.00Cl-inch-radius

J% nftiP indicates somewhat higher rvadings at all cutoff values because of o

S
/i

the deeper penetration of the &mall tip.

N
£

o The diamond lspped surfaces (test modeia B, F, aud G) had roughness
freadings very clbse to lhe previously noted optical flat value of less
‘}xhan 1 mipréinch, indicating au extrerely smooth surface. However,
vinterference microscope data teken on these same surfaces show that,
.even thuagh the surfaces are very smooth, there is a definite difforence

in each ¢t the detail surface textures.

0f all the test model parametere to be measured, surface texture was the
piost compiex. To simplily the process, the surface was first catalogued

by the type of lqy (mult1d1rect1onal unidirectional, circumferential,



or radial). This was followed by further reduction into roughness,
waviness, nodules, and scratches. There are other characteristics such
as pits and ridges, but those categories mentioned are considered to

have major influence on the stress vs leakage relationship.

The surface texture parameters of Table 8 represent a composite reduction
and interpretation of Proficorder and interference microscope data. The
? previously noted errors and limitations of the Proficorder were con-
sidered, and appropriate corrections were applied during evaluation of
this particular information. All Proficorder traces (Fig, 57 through 6&),
were taken with a 0.000l-inch-radius stylus tip and across the prevail-
ing lay wkere possible. For best resolution and to minimizs point-to-
peint stylus skip, the slowest possible table spped was used. However,
as workpiece motion is rotary, the surface speed varies proportionally
with the measurement diameter, thus accounting for the different linear
displacement calibrations. 1In general, the Proficorder information was
most helpful in the evaluation of the multidirectional textured surfaces
and supported the more qualitative interference microphotographs. How-
ever, for assessment of unidirectional surfaces, the interference micro-

scope provided the most direct approach. The multidirectional finish

of Fig. 26 results in poor definition as compared with the cross lay

; view of Fig. 36. There exists, therefore, a fringe area (very smooth,

| . waltidirectional surfaées) where the accuracy limits of the Proficorder
i | and iudefinite resolution of the interference microscope particularly

necessitated subjective interpretation.

~ Figures 26 through 56 illustrate surrfaces as viewed through this instru-
. ment. These microphotographs have been cut to the definite calibrated
- 8ize described in each figure so that the photos may be scaled to obtain

specific dimensions. Approximate magnifications are:

1. 0.0065 x 0.00065 = 462X (50 x objective lens)

2. 0.016 x 0.016

187X (20 x objective leas)

3. 0.033 x 0.033 91X (10 x objective lens)

Il
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In addition, the microphotographs have generally all been uriented such
that the top side of the interference bands represent ‘the surface pro-

file, and therefore, scratches appear as V-grooves that poini downward
(Fig. 36 and 4l).

To consistently evaluate the surface profile input data, the following

distinct parameters with resolution liziis were established:

1. Roughnessa

h = 0.5 microinch and above
@ = 0.1 degree and above

2. Waviness
h = 0.5 microinch and above
® = 1.0 and below

3. Nodules
h = 25 percent above the maximum peak-to-valley roughness {(h)
@ = no confines
B = 1 percent and above

4. Scratches
h = 1 microinch and greater which occur below level of surface
roughness (or waviness)

® = no confines

B=1 percent and above

These ground rules were establisked for both Proficorder and interference
microscope inspecticn data and, iu general, reflect the practical limits
for obtaining these data. {(For example, h values cannot be resolved any
lower than 0.5 micreinch on either instrument.) An overlap is provided
for roughness and waviness angles (® because thegé two cateqories merge
into each other, and a finite division cannot be made. R

N
O : s b
R .
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EXPERIMENTAL TEST PROGRAM

| The experimental program was designed to support the leakage and secating
1 analyses, and to provide design data where an analytical approach was not

possible.

A bazic objective was to identify the various surface paramcters con-

i

q

| trolling leakage for the specific model pair tested. This was not possi-
ble in all cases; however, the detail dimensions obtained in Table 8 will
provide insight into the mechanism of leakage indicated by the test results.
The experimental approach taken was to initially study near-seated valve-
‘seating parameters so that the leakage and pressuire distribution analyses
could be verified. The near-seated region was thus defined as that sepa-
ration from the seat which encompassed a complete transition through the
various flow regimes (Leakage Flow Analysis). The capabilities and
problems associated with the tester would be uncovered and corrected at
this time. It was only through a thorough understanding of the tester
that its influence on the seating characteristics could be determined,
In addition, the precise linear measurements required fur near-seated
testiug were intimately related to the tester énd its instrumentation.
Following the near-seated tests, the on-seat tests of the various models

were conducted.

EXPERIMENTAL TEST SETUP

The poppet and seat tester was set up in an enclosed temperature-controlled
room that contained all of the necessary pressure-, flow-, and linear-
measurement devices to conduct seating tests, and microscopes for visual
surface inspection. Other surface inspection equipment was located nearby
'so that measurements could be made when necessary. Figures 72 through 75

. show the tester and associated instrumentation. A schematic of the test

‘setup is shown in Fig. 76.
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Linear Measurements

The tester was located on a granite surface that was smooth and flat
within 25 microinches. Thia surface was used as a reference datum for
all height measurements. The height readout instruments used were the
Merz electronic indicator gage (Fig. 73) and the precision micrometer
screw and scale, which was a part of the tester (Fig. 20). The scale
reading was used to indicate poppet position, and the Merz was used for
backup and calibration and to determine poppet and seat parallelism and

deflection.

Zero position, or contact indication, was by an electrical signal sup-
plied by a microammeter. The tester piston and poppet was electrically
insulated from the seat. A 1-1/2-voit battery in scries with a 1.2-
megohm resistor provided a source of electrical energy which did nout

visibly (500X) pit or burn the surfaces.

Pressure Measurement

The tester was connected to a complex oi pressure gages to provide a

range of inlet and load-control pressures. Heise gages {600 10 1000

vpsig), 0.1-percent accurate, allowed for an extended range with ua negli-

gible loss in measurement accuracy. To prc.ide accurate differential
measurements, all gages vere parallel connected and calibrated against

ocne fleise gage.

‘ »Rydraul?c Fiim System

This was an auxiliary system used only te provide centering {ilm pressure

to the hydraulic piston. A source of gas pressure was connected to a
w . « \\ i

‘small reservoir (10 cu iu.) wnich contained SAEF 70-weight oil. The oil
.. wea filtered through & 1/2-mwicron absolute membrane eleweut before enter-

ing the piston {Fig. 76).
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Lgpd Measuremgnt

Load measurements wpre obtained from the Leeds and Northrup recorder and
load cell system or the piston area controll pressure relationship.: In
both cases, compensation for the weight of the piston and inlet pressure
was necessary when determining net seat loads. For the load cells,

compensativon vas &ccomplished by proper zerc-setting. The following ex-

pressions were used to compute apparent seat stress.

s . F17+ F27+ F3 - P1A97= PcAp + W - PlAg
As Aa
whgre
S = apparent seat stress
F = 1load cell force readout for cells 1, 2 and 3
P1 = inlet pressure, psig '
Ae = poppet effective area, sq in. .
A, = seat land area, sq in. | | o ,‘i;' o K
Pc = piston control pressure, psig |
W - piston assembly weight, 3.65 pounds . .
Ap =~ piston area = 1.767 sq in. ) ”

For the on-seat tests, it was easy to establish the balance piston ¢6n-
trol pressure for each seat at & given inlet pressure. This'pressure
was determined by balancing piston control pressure force against inlet
pressure force at zero load coutact. The piston weight and inlet force
-are thus cancelled and apparent seat stress is . |
S = ___.._9._2 o ; " Y
A
5 v

\ ' .
Yy
t

where fllk.is the increase in piston coutrol pressure above the balance
. oy N ' N v N

‘A

pressure. | S , . .

\




Gaa BressureWFeed

Bottled gas was the source for the high preesure that was required to
perfora the various tests. Because remote conirol was not required,
bottle regulators were used to control the 2300-psig gas from 0 to 1500
paig. Pressures within 0.5 psi could be maintained manually using the
Heise gages for readout. All ol the gas was filtered bcfore using it in

the setup (Fig. 76).

Leakage Flow Measurement

Because of the importance of the lezkage flow measurements, several de-
vices were investigated for low-rate leaks before s¢lecting the buret
systems indicated in Fig. 76. Of the two systems e¢vuluated in detail,
the first was the conventional method of introducing the leak through
water at the base of an inverted buret to displace a column of water.
This ié satisfartory and accurate for larger {lows; however, lgakage
measurements under 0.1 scim require small bore tubes to cbtain readings
in @ reasonable time, &nd when used in the above manner, large gas bub-
bles tend to stick at the base of the tube. Reducing the diameter of
the gasbubbies'by & small-exit orifice helps to attain the measurement,
but this causes back pressure on the leak which must be overcome bhefore
& stable reading can be taken. In measuring small leaks, positive or
negative pressure differentials cause extraneous leakage resulting in

large errors.

The second method, which overcomes these difficulties was successfully

- employed for low-rate leakage testing. The gas leak was introduced

' thfough a modified huret stop cock valve at the top of the buret rather
thén bubblicg it tarough the water. A leveling bottle connected to the
base of the buret provides a control of both the level and iaternal
pressure after introducing the leak. By dropping the height of the bottle

to match the level i1n the buret as the leak volume increase, the pressure

193



‘differential in the system can be maintained negligib'y small. Capillary

c¢ffects may be cancelled by determining the differential heights of the
two water levels at atmospheric pressure and maintaining this difference

throughout the timed run.

Examination of the equations that coriect for water head, vapor pressure,
and amwbient conditions for the conventional system and leveling bottle
show the advantage ¢f the second method. These exprecssions assume a

constant temperature,

Conventional.

3.66 T |
TR, [PL Vy (b) - b)) + AV (P, -p by - p)]

Leveling.
3.66 AV (P -P)T
Q@ ~— T(taPa 2%
where . ‘
;;P' = standard atmospheric pressure, psia
 'P& = atmospheric pressure, psia
Pv - vgpof pressure éf water at temperature, psia
.h = .Qater level head, inches
vy = initiél volume in buret, cc
iTZIV’ = change in voluue as a result of leakage, cc
T ~ gas tomperature (assumed equal to vater péypérgturq), B,.

= standard atmospheric temperatu:e, R

]

CL19%



e e bl RO oot il b

t = time, seconds

s " leakage, scim

Q
P - liquid density (with water used) 1b/in.3

i

The leveling system requireas fewer corrections. Investigation of errors

in leveling indicates that they can be made negligibly small, This is

accomplished by taking continuous readings to cancel out surface tension
effects, and by maintaining the toial leakage volume at not more than
1000 times the amount of the leak. The second consideration stems from
the precision with which the two levels can be observed and maintained

during test. The leveling error as a result of the volume consideration is

p, &b (vL+ AV + V)
(Pa’-, P +p &b) AV’

Error =

where A h is the leveling head error and VL is the total lcakage volume
external from the buret. This relation indicates that within visual
leveling capabilities there is a minimum lecak volume, AV, which can be
measured for a given error and total volume (VL + Vl). For the 23 cu in.
volume enclosed by the tester cover, the minimum leak volume, AV, for

a 5-percent error (0.02-inch A h reading error assumed) is 0.023 cu iu.
or 0.38 cc. Thus, for a l-minute test, the minimum rate is 0.023 scim
which is 1/1000 of the total volume. To allow lower rates to be meas-
ured without increased time, the external leak volume was reduced by
placing an O-ring seal between the poppet and seat. A 0.04-inch-diameter
brass tube was inserted through the seal which, in turn, was connected
to the buret via 52 inches of small-diameter (0.038—inch ID) plastic
tubing. The volume of this system, external to the buret, is less than

0.1 cu in., thus for a 5-percent error only 1 x 10_4 cu in. or 0.00164 cc

“leakage need be captured. This volume was increased to 0.005 cc duriug
‘tests to compensate for surface tension errors induced by film contaminate

\ " inside of the burets and initisal buret velume, Vl.
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Four precision burets were used to cover the low range of leakage; these
were 100 milliliter for the conventional method (bubble under) and 10,

5 and 1 milliliters for leveling. The 5 and 1 milliliter tubes, having
fine graduations of 0.0l and 0.002 milliliter, respectively, were pre-
dominately used. The larger tubes were primarily used to calibrate the
low-range, ball-float Brooks rotameters which covered leakage from about
0.1 to 110 scim. Standard laberatory calibrations from positive dis-
placement meters were used for the high-range rotameters which covered

flows to 14 scfm nitrogen.

Tequrature Measurement

Room temperatures were constantly monitored with two ordinary thermometers.
Inlet and outlet gas temperatures were indicated with thermocouples and
an Alnor millivoltmeter pyrometer. Except for a minor drop in inlet gas
temperature during high off-seat flow, all temperatures remained within
65 to 75 F. Temperature control was more than adequate to neglect correc-
tion for flow; however, the precision of the linear meésurements was de-
cidedly affected and, while the temperature was not critical, its variable

affect during off-seat flow on spacing had to be considered.

ASSEMBLY AND GENERAL TEST PROCEDURES

Operating the tester and associated equipment required observance of a
number of procedural steps to avoid damage to the smeating surfgces and
also to ensure the validity of the parameter being tested. Very often
tests were performed and theories evolved to explain the results only to
later find that other variables in addition to the one under evaluation
had influenced the experimental results. Consequently, almost all tests
were performed more than once to ensure repeatability and allow a thorough

definition of the iest narameters.
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Poppet and Seat Assembly

The primary consideration in assembly of the test poppets and scats into
the tester was contamination. The seat being placed into a recese con-
taining a lubricated O-ring posed the most difficulty. The part was
first tborbughly cleaned with either trichloroethylene or benzene and
then lightly lubricated on the OD which allowed easy insertion into the
body cavity. To ensure positive botioming, the seat was hand forced into
the base plate, which centains a number of fine radial grooves, and simul-
taneously rotated through at least 90 degrees before indexing to a set of
scribe marks. Contaminants were thus wiped off the mating faces. With
the seat held in position, the locking bolt was insialled at 20 to 25
in.-1b torque. ‘o check for proper installation, the parallelism of the
seat to base plate was merszured with the Merz indicator. All seats were
parallel to the base within 10 microinches over the scating diameter.
Just before installing the poppet, the inlet system was blown clean for

5 seconds, and the seat surface was cleaned with benzene under a low
volume gas purge. The final check on the seating surface was to wipe

off lint particles with a fine brush while purging. Under bright light

such particles were easily discernible on the reflective seating surfaces.

Two methods of poppet assembly were used. The first is shown on the
tester assembly drawing (Fig. 20) and incorporates a retainer, flexure
spring, and clips for positively positioning the poppet relative to the
seat. This arrangement was used for the near-seated tests and some of
the on-seat tests hefore realizing the influence of slight out-of-
parallel conditions upon the on-seat stress leakage characteristics.

The second arrangement (Fig. 20, Detail P) loads the poppet through a
ball joint. In this case, the poppet 1s not closely positioned, but is
free to conform with the seat. With this test methed, all loads must

be obtained from piston control pressure readings because the three load

cell legs do not contact the seat.
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During poppet installation, extreme care was required so as not to dam-
age the scating surfaces by edge contacts. A continuous internal gas
purge was used so that no dust particles could enter the seating area.

In some cases, a thin sheet of polyethylene was inserted between the
poppet and seat to preclude metal-to-metal contact before complete assem-
biy. This techuique achieved its objective but often introduced con-
taminants which, once mashed, had to be vigorously scrubbed from the
seating surfaces. When using the poppet-to-seat O-ring seal for leakage
tap-off, the ball joint was uscd and in this case the poppet could be

easily hand positioned on the O-ring which held the surfaces apart before

loading.

Npar—Seated Tgpts

These tests all used Model A (Table8). The basic problem in this test
series was to establish a datum or zero height point. The leakage at
electrical contact provided this datum. Once correlated with the rough-
ness and other geometrical parameters of the tests, it allowed a re-
peatable starting point for all tests to be established. The value of
this datum is apparent when it is considered that electrical contact is
a no-load condition. If an electrical contiict can be obtained at a level
commensurate with the surface roughness profile being tested, it is
reasonably assured that what is being tested is the profile and not some
other variable such as a ridge, nodule or other protuberance, out-of-

parallel face, or contaminant.

After a reasonable datum or electric contact leakage had been established,
off-seat flow tests were performed. For these tests, the inlet pressure
was measu'.ed directly between the seat interfaces from a 1/32-inch drill
hole pressure tap provided in the seat {Fig. 21) eusuring a true reading.,
Position control was maintained by the micrometer screw which also pro-

vided the necessary position reference,




Two critical problems encountered in the flow tests were the dependence
of positional accuracy at low gaps on inlet pressure and at large gaps

on temperature. Because the micrometer screw required a preciaion ball
joint for loading the variable deformation of the joint contact aifected
the flow gap as a function of inlet pressure changes. Calibration of

the screw between 30- and 1000-psig inlet pressures showed it to be pre-
cise and repeatable; however, at gaps below 0.0001 inch, the inlet pres-
sure had to be maintained within 1.0 psi to keep system loads essentially

constant, and thus position comstant.

The second problem was caused by shrinkage of the poppet and seat inter-
faces because of temperature drops at high flowrates (nozzle regime).
This required establishing a reference micrometer zero at electrical
contact (with.proper leakage) and rapidly obtaining a stabilized high

flow reading.

In all cases, the correlation of leakage with the electrical contact pro-
vided a ready reference from which to collect the off-seat flow data,
and the precision of the flow curves presented later is attributed to

this reliable reference.

The pressure profile across the seat was measured by nine pressure taps
located in the seat (Fig. 21). After determining that the profile did
not-vary around the seating diameter, only three radial taps were used.
Initially, there was a problem with slow pressure rise time in the gage
system. Readings below a 100-microinch seat spacing required more than

15 minutes to stabilize. This problem was partially alleviated by filling
the gage and line with water which allowed readings to be obtained at 50

microinches off-seat within a 5-minute stabilization period.

On-Seated Tests

These tests were performed with test models A through K. Initial tests
were performed with the poppet loaded through the three lcad cells because
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preliminary tests with the ball joint method of poppet loading did not
appear to make significant difference; however, at light loads and fine
finishes, a slight out-of-parallel condition was found to radically affect

the stress-leakage curve,.

With the poppet clamped to the piston, it was possihle to ensure contami-
nant free parallel surfaces by the electrical contact test. With the

ball joint, however, the leakage correlation at light loads (apparent
stress of 100 psi or approximately 4 pounds) hal to be used as a criterion
of a clean surface. The problem with this methcd was that if the gap
contained a foreign particle, the light l1oad would generally imbed it into
the surface. The net result was to cause an initial high-leakage low-rate

characteristic curve which is not representative of the metal surface.

In most cases, cleaning contaminants from the hardened steel seating sur-
faces necessitated removal of the poppet from the tester and a thorough
scrubbing of both surfaces with lint-free wiping paper. While hard rub-
bing in one area would tend to brighten the surface, and sometimes even
produce apparent scratches, the depth of marks was always much less than

1 microinch. These observations do not apply to aluminum which was found
to damage quite easily.

NEAR-SEATED TESTS

Test data were obtained for comparison with theoretically predicted flow
characteristics of near-seated models. Included were investigations of
leakage and pressure profile for the nozzle, turbulent channel, and

laminar flow regimes.

Near-Seated Flow Tests

Parametric off-seat flow tests were performed to substantiate the leakage
flow analysis using the poppet and sest combination of test model A (1-
inch seat diameter and 0.060-inch land width). Leakage flow from 10™%
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to 104 scim was measured for poppet stroke (h) ranging from 20 micro-
inches to 0.006 inch. Data were obtained at 30-, 100-, 300-, and 1000-
psig inlet pressure levels with nitrcgen and, for comparison, tests

vere also performed at 100 psig with helium and argon. All test results

were corrected to standard conditious of 14.7 psia and 70 F.

Because the measured flow varies over several orders of magnitude, the
complete data for each test serims are presented on two separate graphs

which are grouped as follows:

Nitrogen: Figures 77 and 78
Helium: Figures 79 znd 80

Argon: Figures 8] and 82

To minimize confusion, the theoretical curves, computed from the equa-
tions outlined in tbhz Leakage Flow Analysis section, are continuously
plotted while the actual test data points are represented by symbols.
Becanse the theoretical trend of the nozzie to the laminar transition
(turbulent channel regime) is sufficiently shown by the 30 and 100-psig
data of Fig. 77, these curves were not computed for the 300~ and 1000-

psig nitrogen tests nor for the other gases.

The reference used in all of the flow data is the point where electrical
contact osccurs. This position represents approximately 20 microinches
height when equated to flow between two flat plates. The physical de-
termination of this point in the test setup involves some error. Based

on comparative measurement with the Merz (and other instrﬁments), it

was determined that the micrometer adjustment for position is accurate

to approximately %2 microinches. In addition to this, there is a possible
error because of an out of parallel condition between the poppet and seat;
however, experiments have shown that this error can be controlled to less
than 5 microinches. Contamination can also intrbduce error into the

evaluation of electrical contact. Contamination is an elusive variable
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